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ABSTRACT

I report on the microscopic electronic and magnetic environments of dilute
magnetic semiconducting I[I-IV—V,:Mn chalcopyrite compounds as primarily
investigated with muon spin rotation and relaxation measurements. Specifically,
ZnGeP;, and CdGeAs; are selected as representatives of the chalcopyrites and
investigated with and without small concentrations (< 5 at %) of Mn, a substitutional
impurity. Both ZnGeP; and CdGeAs; show ferromagnetism above temperature when
weakly doped with Mn. One of the main and fundamental open questions that this
project aims to address relates to how the magnetism in these materials transfers from
the local moments to the bulk. A combination of the technologically relevant
semiconducting properties and above room temperature ferromagnetism makes this
class of materials rather appealing for practical applications such as spin—based
electronics, which utilizes both the charge and spin of the carrier to store or relay data.

This study investigates pure ZnGeP, and CdGeAs, via muon spin rotation and
relaxation measurements, which utilize p” and Mu” (Mu® = p"+e~ ) as experimentally
accessible analogs to ionic H' and atomic H in materials as well as establish a
necessary understanding of the probe (") behavior for use in the Mn enriched
materials. 1" is used in ZnGeP,:Mn to study the local field structure and distribution.
Bulk magnetization and neutron scattering measurements are also performed on the
ZnGeP,:Mn materials to aid in characterization of the magnetic properties.

The data suggests a mechanism involving a spin polaron that mediates the
exchange between magnetic ions that ultimately leads to bulk magnetic phases in these
materials that, unlike their transition metal doped III-V or II-VI counterparts, have
too dilute of magnetic concentration for a direct—exchange and have too low
conductivity to have indirect exchange via an itinerant band carrier (i.e. Zener or

RKKY).
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CHAPTER 1:
INTRODUCTION

One of the main and fundamental open questions this project aims to address
relates to how the magnetism in dilute magnetic semiconducting [I-IV-V,
chalcopyrites transfers from the local moments to the bulk.

Previous studies have shown that ferromagnetism exists in Mn doped II-1V-V;
chalcopyrites, however, a detailed understanding of how the magnetism is distributed
throughout the material has yet to be achieved (i.e. magnetism distributed uniformly or
confined to small regions). In order for uniform ferromagnetism to extend throughout
a sample with low concentrations of local moments, the magnetism must transfer to
charge carriers; holes, in the case of Mn doped II-IV-V; materials. Details of the
interactions between the holes and Mn®" local moments remain an open question. For
isolated, randomly distributed Mn*" ions, the minimum concentration capable of
providing a fully ferromagnetically ordered material is not yet known. Even if, at low
Mn concentration, the ferromagnetism originates from small clusters of Mn ions, or a
MnP phase, the magnetism may still transfer to the charge carriers thereby providing
bulk FM properties despite the second chemical phase. This leaves the questions as to
whether hole (carrier) polarization actually occurs and whether there is a single
ferromagnetic regime present or patchwork of small ferromagnetic regions imbedded
in an otherwise paramagnetic background.

Models that currently attempt to describe magnetic interactions in dilute
magnetic semiconducting systems [1,2] are limited to transition metal doped I1I-V and
II-VI systems. While the transition metal doped II-IV—V; chalcopyrite systems are
related to the III-V and II-VI systems, differences in overall behavior of the systems
(e.g. transition metal solubility; transition temperature dependencies on carrier
concentration, lattice parameter or magnetic ion concentration; stability of various
magnetic phases) clearly show that the current models for the related systems do not

accurately describe the II-IV—V, chalcopyrite systems; e.g. [3,4].
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This project takes an experimental journey through local and bulk magnetic
features of Mn doped II-1V-V, Chalcopyrites primarily utilizing muon spin rotation
and relaxation measurements supplemented by neutron scattering and basic bulk
characterization measurements. Specifically, this in depth study aims to develop a
higher understanding of the internal magnetic field structure (i.e. microscopic
distributions of local fields), how magnetism is distributed throughout the materials,
the mechanism responsible for transferring the magnetism from the local magnetic
moments to the bulk, magnetic moment fluctuation regimes (e.g. near and through
transitions) and any other associated properties and characteristics of these dilute
magnetic semiconducting systems. A thorough understanding of these various
magnetic properties and the DMS systems, in general, may aid in bridging the gap
between theory and application for technologies such as spin—based electronics.

Work by our collaboration relating to the use the muon spin research technique
to investigate various properties of dilute magnetic semiconducting [1-IV-V,
chalcopyrite systems officially began with initial measurements performed on various
CdGeAs;:Mn samples [5] at PSI and TRIUMEF in 2005. This preliminary look at a few
samples (containing different Mn concentrations) established the muon is sensitive to
some of the existing local features and that a detailed study on this class of materials
would be required to understand the existing mechanisms, characteristics and
associated features. An experiment designed to characterize the properties and
behavior of an implanted " within the undoped II-IV-V, and I-I1I-V, chalcopyrite
semiconducting compounds [6] was proposed and accepted, by the experimental
evaluation committee for TRIUMF (Vancouver, Canada) in the spring of 2008. I
joined the research group, lead by Dr. Roger Lichti at Texas Tech University (TTU),
in fall of 2008. The first experiment on the undoped chalcopyrites was conducted at
TRIUMEF in October of 2008. This is also the first experiment in which I was actively
involved. Since then, work on both these undoped and Mn doped materials continued,
using a variety of techniques and is the primary focus of this dissertation. I have been

heavily involved in all aspects of this project since the initial experiment time in
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October of 2008. My contributions include aspects such as writing experiment
proposals to the facilities at which the experiments take place, experimental setup,
conducting the actual experiments, data analysis, interpretation, follow up reports and
presenting the results. While the primary focus of this dissertation is on the magnetism
in Mn doped Chalcopyrites, I have been active in a variety of other projects with both
our local group and our international collaborators. A much more detailed accounting
of my research activities is in appendix A.

This dissertation will layout and discuss the current status of this project, what
questions remain and suggestions as to how to proceed. Specifically, Chapter 2
introduces the particular relevance and main goals of this project as well as provides
background information on all aspects of the work except for specific details of the
experimental setup. Chapter 3 provides the reader with some background on the
experimental technique utilized in this project. Chapter 4 discusses the specific
experimental details. Chapter 5 presents and discusses the data collected as described
in chapter 4 and our interpretations thereof. Finally, chapter 6 gives a very brief
summary of the discussion in chapter 5, lays out some of the remaining open questions

and provides some suggestions as to the direction for which this work may continue.



Texas Tech University, Patrick Mengyan, May 2014

CHAPTER 2:
BACKGROUND AND MOTIVATION

Work in the field of semiconductor—based electronics continually focuses on
developing devices that are smaller, faster and more efficient than the previous
generations. The vast majority of current devices only utilize the charge of a carrier (e~
or h") where the developing field of spin—based electronics [7,8] is working on
harnessing the spin of the carrier. The ability to use the spin, or the combination of
charge and spin, to relay or store data in a device opens up a plethora of possibilities
with respect to potential device designs including properties such as higher density
storage, faster processing, lower power draw, less heat generation and higher energy
efficiency. Read heads in magnetic discs (giant magneto resistive based spin—valve) or
spin—based magnetic field sensors are examples of some early applications of spin
based electronic devices [9,10,11]. Spin based Hall Effect transistors [12,13], field
effect transistors [ 14], spin polarized light emitting diodes [15,16,17], magnetic tunnel
junctions [18,19,20], optical switches and encoders are just a few more examples of
devices that can be revolutionized by exploiting the advantages presented by the
additional degree of freedom that spin provides [8].

The ideal material for many of the desired spin—based applications is one that
is highly spin polarized and exhibits the appropriate electronic properties for the
particular desired application. Ferromagnetic semiconductors have been known to be
highly spin polarized since the 60s [21]; however, a ferromagnetic phase that is stable
above room temperature is required for any large—scale impact to ensue. The
development and discovery of ferromagnetism in Mn doped I1I-V materials, such as
InAs:Mn and GaAs:Mn, in the late 80s instigated a significant effort to understand
these materials, the fundamental mechanisms therein and further tune the electronic
and magnetic properties for device applications [22,23,24]. In principle, Mn doped
III-V compounds seem attractive for use in spin—based devices as they can be easily
incorporated into existing semiconductor heterostructure systems for a variety of

envisioned optical and electronic applications. For example, In;_\MnyAs based field
4
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effect devices have been produced that show electrically tunable ferromagnetism [25].
Despite the enormous effort to understand and develop these materials, a 7, above
185K has yet to be achieved [26], which is a major limitation that must be addressed
for practical implementation of any Mn doped III-V envisioned devices to occur. 7,
being highly correlated to the carrier concentration in GaAs:Mn has been well
established [27,28] and is a direct result of the hole mediated ferromagnetic interaction
between the open d shells in the Mn atoms. The hole excess is generated by the Mn
impurity acting as an acceptor when substitutionally incorporated on Ga sites within
the GaAs system. The maximum carrier concentration (and hence 7,) is currently
limited by the low Mn solubility in these compounds [1]. That is, phase segregation
that occurs when more than several percent of Mn is incorporated into GaAs (as in
other III-V compounds) leads to a separate Mn chemical phase within the bulk III-V
material instead of replacing the group III element and thereby destroys properties,
such as the FM interactions, that are so highly sought out.

The II-VI based compounds are another group of materials that have been
heavily researched [2], alongside the III-V systems, for the potential tunability of the
lattice constant, band parameters, electroluminescence and magnetic effects. Unlike
the III-V materials that are limited somewhere between 7% and 12.5%, the II-VI
compounds can accept up to nearly 77% Mn content before experiencing any type of
chemical phase separation. Mn”" substitutes isovalently for the group II ion which is
responsible for the ease of substitution and results in an AFM coupling between ions
with an overall paramagnetic, antiferromagnetic or spin—glass like (diluted AFM)
behavior [2]. Many studies of these systems have been quite productive in furthering
the fundamental understanding of various mechanisms (e.g. superexchange, etc)
however, very few applications have been developed for them since they tend to be
room temperature PM and have a low temperature AFM or spin—glassy state.

In light of these difficulties in developing a III-V or II-VI material with a FM
T, suitable for widespread implementation, it is beneficial to broaden the scope of

candidate materials in which one searches for such applications.
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2.1. II-IV-V, CHALCOPYRITES: GENERAL OVERVIEW

Current work on the II-IV—V; chalcopyrite systems is not nearly as
comprehensive or extensive as their [II-V and [I-VI counterparts; however, electronic
and magnetic features of the [I-IV—V,:Mn chalcopyrites (e.g. high carrier mobility,
band gaps from ~0.2 eV to ~5 eV and FM above room temperature) are quite
appealing to the spin—based electronics community. The [I-IV-V; chalcopyrite
materials were originally developed for their IR active non—linear optical properties in
the early 70s (i.e.: [29]) extending through the 90s. While many properties of these
materials are well known, they have yet to be fully optimized for their semiconducting
properties. A new interest in these chalcopyrite materials has surfaced since the more
recent discovery of bulk FM order at room temperature in Mn doped [I-1V-V;
compounds [4,30,31,32,33,34,35,36,37,38].

II-IV—V; chalcopyrites have a structure related to their I[II-V zincblende
counterparts, where the group III elements are replaced by a mix of group II (Be, Mg,
Zn, Cd) and IV (C, Si, Ge, Sn) elements, which forces a doubled unit cell (c¢/a = 2)
along the crystallographic 001 direction (Figure 2.1). These particular systems tend to
have significant disorder (i.e. [3,39]) in the II-IV sublattice as there is little energy
advantage to any specific arrangement of group II and IV atoms, even in high purity
single crystal samples. In addition to the disorder, vacancy impurities with very low
formation energies also significantly contribute to the electronic properties in the
II-IV sublattice. For example, in ZnGeP», Zn and P vacancies are predominantly
acceptor and donor impurities, respectively [39]. The Ge vacancy has not been directly
observed However, some experimental data support the existence of an additional
shallow acceptor consistent with the expected properties for such a vacancy
[39,40,41]. Predicted bandgaps range from ~0.2 eV to ~5 eV. Table 2.1 presents
measured gaps, lattice constants, transparency range and FM transition temperature
(when Mn doped) for a relevant subset of these materials [30,35,38,42,43,44].

When appropriately doped with a transition metal, such as Mn*", several of the

II-IV—V, materials show bulk magnetic properties [4]. Mn®" can substitute isovalently
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in the group Il cation site and as a double acceptor at the group IV site [34,4,45]. In
the II-IV—V, systems, the excess of holes generated by the Mn®" substitution on the
group IV site, contributes to the Mn 3d band and provides sufficient carrier
concentration to mediate interactions between the local magnetic moments that can
lead to an overall FM coupling. The ability to introduce both a high concentration of
magnetic ions (via the isovalent group—II substitution) and acceptor doping (hole
excess via group—IV substitution) provide a very distinct advantage over their binary
counterparts (III-V and II-VI compounds). Magnetic and non—magnetic
semiconducting properties in these compounds have yet to be optimized for practical
applications since the fundamental mechanisms that govern many of the electronic and
magnetic properties have yet to be fully understood if at all. Such is the case for the
mechanism responsible for transferring the magnetism from the local moments to the

bulk.

Table 2.1: Properties of select II-IV-V, compounds

Compound Energy Gap  Lattice Constants  Transparency T. (K)
(eV) A) Range (um) (Mn—doped)
ZnGeP; 1.99 a=5.463; 1-12 ~312-350
[30,35,36,43,46] c=10.74
CdGeP, 1.72 a =5.740; 09-11 ~320-350
[34,43,46] c=10.776
CdGeAs; 0.57—0.67 a=5.943; 2418 ~320-355
[31,32,33,42,43,46] c=11.22
ZnGeAs, 0.85 4=5.671: Data not ~367
[43,44,46] c=11.153 available
D ~320_
ZnSnAs, 0.65 4 =5.852: ata not 329-350
[38,43,46] c=11.703 available
ZnSiAs, D 4 = 5.606: Data not ~325-337
[43,46] c=10.886 available
Zl’lSi)I(:%e]l_ Nz X dependent varies varies 200-280
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Figure 2.1: ll-IV-V, Chalcopyrite structure with the anisotropic Mu’; site
associated with the II-1V sublattice indicated



Texas Tech University, Patrick Mengyan, May 2014

2.2. II-IV-V, CHALCOPYRITES: PREVIOUS WORK

Measurements such as electron paramagnetic resonance (EPR),
electron—nuclear double resonance (ENDOR), X—ray diffraction (XRD), optical
absorption, SQUID magnetization and nuclear magnetic resonance (NMR) were
performed by various collaborations to further characterize the [I-IV-V,:Mn
chalcopyrites. EPR and ENDOR studies were conducted in an effort to characterize
isolated Mn”" ions in bulk ZnGeP, single crystal materials and have provided
information on the spin density and distribution of Mn*" ions replacing the group—II
element [47]. XRD data on ZnGeP,:Mn clearly illustrates that the tetrahedral
chalcopyrite structure is maintained but there is a slight increase in lattice parameters
as the Mn content is increased; i.e. ~0.34% increase for 0 Mn incorporation to 5.6 at%
Mn [30]. Optical absorption data indicate that the energy gap decreases slightly as the
manganese concentration increases; which is typical of heavily n— or p— type
semiconductors. Specifically, the gap for pure ZnGeP; is E,= 2.0 eV compared to the
energy gap of 1.9 eV and 1.83 eV for 1.3 at% Mn and 3.0 at% Mn in ZnGeP,:Mn
respectively [30]. Temperature dependent magnetization measurements (via SQUID
Susceptometer) performed on bulk samples with a variety of Mn concentrations [30]
show a ferromagnetic region between 47 K and 312 K for 0.013 <x<0.2 and a
paramagnetic state above 312 K. Samples with concentrations below Mny o5 reportedly
show a mix of antiferromagnetic and paramagnetic phases below 47 K, contrasting to
the pure antiferromagnetic phase reported in samples with concentrations above
Mny 5. These authors (Cho, et al) argue that above x = 0.05, the Mn ions are very
closely packed and ordered, most likely at group—II sites. Mn substitution is thus
claimed to be highly non—uniform and either strong clustering of Mn ions or formation
of a second structural phase (e.g. MnP) can be inferred from the growth conditions
used for those particular samples. Powder XRD results produced by a different group
[48], specifically investing CdSnP,:Mn which is closely related to ZnGeP,:Mn and a

good representative compound of the I[I-IV—V,:Mn chalcopyrites, suggest a second
9
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ordering transition. Comparing their results to those for ZnGeP,:Mn and bulk MnP,
they found the characteristic ferromagnetic behavior of MnP to be very close to that of
the Mn doped chalcopyrites. Despite the lack of peaks in the XRD data that caused
some groups to argue against MnP as a magnetic impurity, the bulk—phase of MnP at
these low concentrations may be under the detection limits of XRD; therefore, one
cannot conclude from XRD, with certainty, whether or not small inclusions of MnP
dominate the magnetic features. Results of a NMR study on ZnMnGeP,:Mn [49]
suggest that more than 90% of the Mn atoms were in a MnP impurity phase with
cluster sizes on the order of nanometers from Mn concentrations from x = 0.08 to 0.15.
Existing data, as outlined above, suggests that separation of a MnP secondary phase
likely occurs for x > 0.05.

Some of our collaboration’s earlier TF-MuSR work (performed in 2005 at
TRIUMEF in Vancouver, Canada [50,51]) on the Mn doped II-IV-V, chalcopyrite
compound, CdGeAs,:Mn(3%), has demonstrated that these materials do exhibit some
FM order above room temperature. This is shown in a spectra collected at T=300 K
with an applied field of Bry = 1T (Figure 2.2) the u' precession frequency from within
the sample is clearly shifted to a lower frequency as compared to the u" precession
frequency from within a CaCO3 sample. The p” precesses at the Larmor frequency, Wy
= yuB.fr, determined by the gyromagnetic ratio of the muon (y,=135.54 MHz/T) and
the effective magnetic field at the site in which the muon resides (B.gf). The reference
sample is mounted behind the sample of interest so that any muons that miss the
sample will be implanted into the nonmagnetic CaCO3 with the positron emission data
recorded in a completely separate set of histograms. This configuration provides a
direct measure of the magnetic field at the sample area while actual sample data is
collected. By comparing the two measured pt" frequencies, one can easily determine
the total effective field at the muon site in the sample (for a more complete discussion
of the TF-MuSR technique, see section 3.1.2). The broad form of the signal from the
Mn doped sample is very different from that of the very sharp peak present in an

undoped CdGeAs; sample [6] (Figure 2.3). A coarse temperature scan has been
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completed on a few different CdGeAs2:Mn materials with concentrations between 3
% and 6 % and this broad feature presents itself in the other Mn doped samples as well
[50,51]. These measurements were performed in a survey of many materials, and there
is far too little data from these measurements to conclude anything other than there is
definitely a feature in the Mn doped samples, not present in the undoped samples.
These earlier data clearly show that MuSR can be used as an effective tool to further
develop the understanding of the local magnetic properties within these materials.
CdGeAs;:Mn and ZnGeP,:Mn have nearly identical structures (different lattice
parameters) and share many other electrical and magnetic properties with each other
and also ought to serve as good representatives of the other dilute magnetic II-IV-V,

Chalcopyrites.
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Figure 2.2: FFT of CdGeAs,:Mn HTF-MuSR data .

The solid red line is the real component of the FFT from a CdGeAs,:Mn 3 at% sample taken
at room temperature and B., = 1 T. The black dashed line is the real asymmetry from a purely
diamagnetic reference sample functioning as a measure of the magnetic field at the sample.
Note the amplitude of the reference signal is increased by a factor of 30 to clearly indicate the
frequency matching. The relative differences in asymmetry between the sample and reference
samples is irrelevant for this purpose.
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Figure 2.3: FFT of CdGeAs, HTF-MuSR data.

In direct contrast to Figure 2.2, this shows the real component of the FFT from a pure
CdGeAs, that only shows " precession at the Larmor frequency given B, =4 T.
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2.3. DILUTE MAGNETIC SEMICONDUCTORS: THEORY

A key ingredient to the widespread application of a magnetic semiconductor
based on a II-1V-V; chalcopyrite compound is a comprehensive understanding of the
magnetic, structural and electronic properties and how they vary with respect to real
world and potential device parameters. Unfortunately, a comprehensive understanding
of how some of the most basic properties of these dilute magnetic materials are related
does not exist [52]. That is, there is not a model that describes how characteristics of a
doped material such as the transition temperatures and band gap relate to basic
structural or electronic properties of the undoped material or even how relevant
properties vary with magnetic ion content.

However, there has been a tremendous effort to understand the ferromagnetism
in the peripherally related III-V and II-VI dilute magnetic systems (see [1,53] and
references therein for a nice review). There are two models that seem to be
predominant for these other systems. Both claim exchange coupling between charge
carriers and local moments (partially filled 3d orbitals) result in ferromagnetic
interactions and are parameterized with an exchange energy term, J. The Zener model
[54,55] is used in the weak coupling (J < Er) regime whereas the double—exchange
mechanism [56] tends to be used in the strong coupling limit. In the Zener model
(equivalent to the RKKY model in the mean—field limit for DMS), band [itinerant]
carriers become polarized (exchange couple to a local moment) then migrate a
considerable distance while keeping their spin polarization independent of other local
moments encountered along the way. FM occurs when the spins of the itinerant
carriers and local moments are aligned. In the double—exchange picture, the charge
carriers still mediate the interactions between local moments but does so through
indirect coupling to neighboring ions, (opposed to the conduction or impurity band as
in the former model) since the distance between local moments is, by definition, far
greater than the extent of the magnetic ions’ wavefunction. In the most simplified

double—exchange picture, two magnetic ions are separated by a non—magnetic ion and
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the carrier from the first magnetic ion will hop to the non—magnetic ion while an
identical carrier hops from the non—magnetic ion to the second magnetic ion. The
lowest overall energy configuration for this transaction to take place requires that the
two magnetic ions have spins parallel since a carrier spin—flip costs energy.

As previously discussed, there are considerable distinctions between the [1I-V
and II-VI materials as compared to the [I-IV—V,; chalcopyrite compounds. The most
notable distinction has to do with the way that Mn substitutes into the II-1V sublattice.
Unlike the III-V or II-VI materials where Mn only substitutes in one form (either a
donor or isovalently, respectively), the ability for Mn to easily substitute on both the
group II and group IV sites clearly result in very different electronic and magnetic
properties (including overall Mn solubility). Moreover, when applied to the [I-IV-V,
Chalcopyrites, the respective calculations for properties such as magnetic transition
temperatures do not vary with bandgap or lattice constant as one would expect with
the double—exchange and Zener models, respectively [3] and therefore leaves these
specific dilute magnetic semiconducting chalcopyrite systems without a consistent

model.
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CHAPTER 3:
EXPERIMENTAL TECHNIQUES

3.1. MUON SPIN RESEARCH

The muon spin research (MuSR) technique utilizes 100% spin polarized muons
(my= 1/9meicctron; S = 1/2; v, =21 x 135.54 MHz/T; 7, = 2.2 ps) implanted into a
sample where the time evolution of the muon’s spin polarization function is monitored
to reveal electronic and magnetic information from the local environment for which
the muon is a direct probe. The MuSR technique has some distinct advantages over
other techniques since the muon itself is the probe and therefore it does not rely on
scattering techniques or additional trickery (e.g. strong magnetic field pulses) to
modify and hence probe the environment of interest (e.g. X-ray diffraction and
neutron scattering or electron spin resonance and nuclear magnetic resonance,
respectively). The positive muon is very sensitive to magnetic fields and attracted to
areas of high electron density making it a viable probe for applications such as
investigating magnetism (e.g. local field distributions, electronic structure, ordering,
dynamics), superconductivity (e.g. coexistence of superconductivity and magnetism,
magnetic penetration depth, coherence length), defect states in semiconductors (where
muonium, Mu’ = pe, functions as an experimentally accessible analog to hydrogen),
quantum diffusion in metals (u" c.f. H") and quantum diffusion in non-metals (Mu’
c.f. H). A much more complete description of the MuSR technique is found in
references such as [57,58,59,60]. The following introductory information comes
straight from these references, personal conversations with the onsite scientists, my
experience with the equipment and a few additional sources explicitly indicated within

the subsequent text.

3.1.1. Overview: The memoir of a synthetic muon

While muons are found, naturally occurring, in cosmic rays that can be
detected at sea level, among many other practical limitations, the approximate flux of

~1 muon per square cm every minute (incident on the Earth’s surface) [61] is far too
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low for efficient use for use as an experimental condensed matter probe. Additionally,
these types of experiments require relatively low energy muons (~4 MeV) to allow for
a reasonable sized sample to actually stop a muon with minimal disturbance to the
material that is under investigation. For this application, muons are manufactured
through a process involving a few steps. First, a 500 MeV proton beam, from
cyclotrons or synchrotrons, interact with a target (typically graphite or Beryllium)
producing pions (7*). These pions decay after their characteristic lifetime (z; = 26 ns)
into a muon (ui) and the associated neutrino (v,) or antineutrino (V,,).

nt - ut+ yyandnT - puT + 9, (3.1)
Since the net spin of the 7" is zero and, in the energy range relevant to MuSR, the
neutrino is produced with its spin antiparallel to its momentum (i.e. negative helicity),
conservation of both linear and angular momentum force the p" to also have its spin
antiparallel to its momentum. Similarly for the 7, with the exception that the
antineutrino has its spin parallel to its momentum (i.e. positive helicity) and therefore
the -~ also has positive helicity. Note that this assumes the 7 is at rest. In the case of "
sources that are functioning today, these u" beams are emitted from the 7' that are at
rest near the surface of the production target. The other decay mode produces pu" with
positive helicity and i~ with negative helicity but these u* are at much higher energies.
A different process is required for developing a beam of |~ since the 7~ is quickly
captured within the primary target and hence requires a very different p extraction
configuration that is beyond the scope of this project. In light of this, any additional
reference to MuSR, the muon and so forth will be referring to the positively charged
muon, p', unless otherwise explicitly stated. A direct result of choosing the pions that
decay from rest near the surface of the target for one’s source is that the muons
emerge 100% spin polarized (with momentum = 29.79 MeV/c and kinetic energy =
4.119 MeV). Once departing the proton target, the muon beam can be cleaned up and
implanted directly into a sample. This implantation process reduces the initial ~4 MeV
muon beam to the order of a few eV within the first ~ 1 ns of implantation due to the

initial interactions with the local environment including the ionization of atoms and
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scattering with electrons that are directly in the implantation path (known as the
ionization track) followed by the capture and release of electrons (either free electrons
within the system or electrons freed along the ionization track) until finally reaching
an energy on the order of meV where the muon interacts with the host material but is
typically rather non—invasive. The interactions occurring during implantation are all
Coulombic and very rapid thereby not contributing the depolarization of the muon
itself. The majority of the energy is transferred from the muon to the host material
early in the implantation process and the last damage and initial p* stopping site are
separated by ~100 nm. Therefore, there should be no interaction between the
thermalized muon and ionization track (i.e. vacancies or interstitial defects produced
directly via the ionization track). Figure 3. depicts the process from p” implantation
through thermalization.

Once implanted and sufficiently slowed, the muon interacts with the local
environment and decay after a characteristic time, t~exp[—t/z,] where the muon
lifetime (z,,) is 2.2 ps. Upon decay, the muon emits a positron (e') in a direction
preferential to the muon spin at the time of decay, along with the associated positron
neutrino (ve) and muon antineutrino (v,) as

pr-et +v, +v, (3.2)
The emitted positrons are tracked by scintillation detectors positioned in various
geometries around the sample area, depending on the particular type of measurement.
The probability of the muon decay (P) and positron energy (¢.) are related by the

energy spectrum (E(x)) and asymmetry factor (a); written as [57]

dP(x,0) = E(x)(1 + a(x) cos(6))dxd(cos[6]) (3.3)
2x —1

a(x) = 322 (3.4)

E(x) = 2x%(3 — 2x) (3.5)

parameterized by x = €./€max, and a maximum positron energy of €. = 52.83 MeV.
The asymmetry (a) is a measure of how closely the muon spin and positron

momentum align. Figure 3.2 and Figure 3.3 illustrate these relations. Note that when
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the positron energy is below 50% of the maximum energy, the asymmetry is zero or
less. This indicates little to no correlation of the emitted positron with muon spin
direction. However, at this limit, one should also note that the angular distribution of
positron emission is perfectly symmetric, the importance of which will be apparent
during later discussion of detector configuration. Additionally, positrons with such
low energies are not usually detected anyway.

Detector configurations vary with parameters such as primary goals of the
experiment, available apparatus and specific type of MuSR experiment. Regardless of
the specific arrangement, the scintillation detectors provide the same basic function;
tracking the time evolution of spin polarization for an implanted muon by monitoring
an ensemble of positron decay events. In the time differential (TD) mode, a clock is
started upon muon implantation in the material and then stopped when a
corresponding event (positron from the muon decay) is detected by one of the
scintillation counters. Typically ensembles containing anywhere from ~10° to ~10°
events are collected at a given temperature and field to constitute a single data point.

The number of positrons recorded by a counter can be expressed as
t
N(®) = Nyexp(——) (1 + A(©) + B (3.6)
Tmu

where the time () from implantation to decay is measured and muon lifetime (7,=2.2
us) is known. However, overall normalization (N,) and the time independent
background (B) cannot be determined experimentally with only one detector. The
asymmetry spectra can be numerically determined by solving equation (3.6), provided
one has a model describing the time dependence so that both N, and B are known. In
practice, multiple counters are utilized to eliminate the need for such a model. By
using a pair of opposing counters (180 degrees apart with respect to the frame of a
2—dimensional rotating body) and combining the individual positron counts, an

experimental asymmetry can be expressed as

_ Nq(6) = By) = (N,() — By)

%0 = N,© =B + No(® — By)

(3.7)
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Where the terms are the same as defined in equation (3.6) but now indexed by detector
number 1 or 2. To account for differences between the physical detectors (e.g. counter

efficiency and solid angle coverage) we define the two adjustment parameters

a=e€/€6 (3.8)
and
B =A4A,/A (3.9)
The time dependent muon polarization, as seen by each counter is
P1,2(t) = cos (wyt + ¢12) (3.10)
This can be written with respect to a single counter by recognizing that
cos(wt +60) =(—1)"cos(wt+0 +nm) |n € Z (3.11)

and that geometry dictates [¢p; — ¢p,| =T
p1(t) = —p2(t) (3.12)

and then rewrite equation (3.7) as
(A-a)+ (1 +ap)Ap@))
(A+a)+ 1 -ap)Ap®)

Experimentally determining o and f is straightforward. In a normally functioning

a(t) =

(3.13)

experimental setup, f is very close to 1 and is not dependent on sample geometry or
positioning. a, on the other hand, is highly dependent on these parameters and
therefore is determined for each experiment by applying a weak transverse field and
determining a value (of ) such that the resulting oscillating signal is centered around
zero. An example of raw counts in two opposing counters and the corresponding
corrected asymmetry is shown in Figure 3.4 and Figure 3.5, respectively.

Once fully implanted in a material, the muon will precess in the effective
magnetic field of the local environment (B,) at the Larmor frequency (o, = y.B =
135.54 MHz/T) until it decays, emitting the positron. For comparison, precession
frequencies for the proton, electron and neutron are 42.577 MHz/T, 28,025 MHz/T
and 29.165 MHz/T, respectively. The large magnetic moment of the muon is what
allows it to be used as a very sensitive magnetic probe and hence detection of fields

down to the order of ~107 T.
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This effective magnetic field (B.g) at the site of the muon can be generally

written in the form

Bosr = Bext + Bgip + Bpyp + Brermi + 6B ¢ (3.14)
where B.,; is an externally applied magnetic field. B, encompasses the dipolar field
contribution that is a sum of localized moments over the entire crystal including
site—to—site differences. By, is the field contribution from short range magnetic
interaction between the " and local electronic moments (e.g. wavefunction overlap),
commonly referred to as the hyperfine interaction. By,.,; includes contributions from
the Fermi contact interaction (between i and a carrier) which can be the magnetic
interaction of u" and e spins, for s— and p— electron metals (i.e. Li, Be, Na, Mg, Al
etc); RKKY (indirect exchange) between " and unpaired electrons via the conduction
(itinerant) electrons, for some d— and f~ materials; or in insulators, the transferred
hyperfine field which is the M and electron wavefunction overlap. 0B, contains
contributions related to fluctuations of the neighboring moments. Throughout this
work, the local magnetic environment typically refers to the effective field as if no
external magnetic field were applied (i.e.: Bjoc = Bers — Bext).

To connect the experimental measurements with reality, a model of the time
dependent muon spin polarization function for a particular mechanism is developed.
The most straight forward and non—trivial case is for an implanted p" to remain static
(with respect to motion about the host material) and have a constant By, such that the
field direction is perpendicular to the initial spin polarization direction. In this case,
the muon will happily precess at the Larmor frequency (o, =y,8 = 135.54 [MHz/T]-B)
for its entire life. That is, one can write the muon spin polarization function in the
following form

P(t) = AyG(t)cos (wt + ¢) (3.15)
where the initial polarization (4y), relaxation envelope function (G()), precession
frequency (o) and phase (@) are directly fit to the P(¢) data. With a non—relaxing and
purely diamagnetic state, as described here, G(¢) = 1 [unit less]. Figure 3.5 shows a

real example of a non—relaxing diamagnetic pt” in silver with a magnetic field of
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B.xt = 100 G, applied perpendicular to the initial spin polarization of the implanted
muons, along with parameters found by fitting the data with equation (3.15). This very
clean p behavior is why Ag is often is used for calibration purposes.

In this simple system, the muon spin polarization function can be determined
by considering how a magnetic moment behaves in an applied field. With the
geometry shown in Figure 3.6 consider a form of Newton’s second law written for a

rotational body

d
= (1S,()) = M, (©) X Bioe(®)my, = 1S, (3.16)

With the time dependent angular momenta [AS,(¢)], muon magnetic moment [m, ()],
the muon gyromagnetic ratio (y,) and the B, as defined in (3.14) with its only
non—zero component along the X' —axis. By the properties of the cross product, the
angular momenta is perpendicular to the effective field. If the local field is constant
with time or equivalently if the period of fluctuation is large compared to the muon

lifetime (1/vg > 1,) then a solution to equation (3.16) is

S,(t) = SF(0)(y cos(w,t) — 2 sin(w,t)) + xS} (0) (3.17)
And written with respect to the initial muon spin axis
S, () = S, (cos(6)? + sin(6)? cos(wyt)) (3.18)

From which we can see that for a uniform field applied at § = 90°, as described in the
case of Ag, the origin of equation (3.15) and therefore a direct measure of the size of
Bioe. In the case where 8 = 0°, equation (3.18) simply goes to S,.. This shows that there
is no contribution to the change in muon spin polarization from the fraction of
implanted pu" with S, aligned parallel to the direction of the local field (S, | By,c).

One can now normalize this function with S.(¢)/S,,, allow Bj,. to be expressed
as the general distribution (p(Bio)) and then write the overall spin polarization

function in the form

P(t) = f(cos(@)z + sin(8)? cos(w,t))p(Bioc) A3 By (3.19)

which is the statistical average over all distributions.
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Let us now consider a local field distribution within an ordered magnetic
material containing only one unique stopping site for the muon and a very large
diffusion barrier (i.e. no u" hopping after thermalization)
8(Bioc — Bo)

p(Bioc) = 47_[ng

(3.20)
Evaluating equation (3.19) with the distribution given by equation (3.20) we see
1 2
P(t) = 3 + 3 cos(wﬂt) (3.21)

In a non—magnetic material where the source of the B, is related to
interactions with the nuclei that surround the p" site (concentrated dipole moments),

the fields are taken to have a Gaussian shaped distribution and can be expressed as

B _ 1 ’ Blzoc (3.22)
P( loc)_ AG\/% exp _ZAZG .

where Ag 1s the second moment of the field distribution and when this distribution

(equation (3.22)) is evaluated in equation (3.19) (taking the statistical average over

these distributions with By = 0) yields the static Kubo—Toyabe function [62]

2

PET(O) = 5+ 2 (1~ (rudt)) exp <— M) (3.23)
In the case of a purely static system, the inhomogeneity in the field distribution itself
causes dephasing of the muon spin precession. If an external field, larger than ~5Ag
(Ag typically on the order of 10s of Gauss), is applied with 6 = 90° (known as
transverse field where By L S,(0) ) then the nuclear contribution (Bgip) is dominated
by the external field and therefore the muon is only really sensitive to the field

distribution along the direction of the applied field. The solution to equation (3.19) for

this arrangement then becomes

2
P9=900 (t) = exp (_ (YHATGt)) Cos(w#t) (3.24)
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If one now considers a dynamic system where there are fast fluctuations in Bjo.
(e.g. 1" hopping between sites with different effective fields or fluctuations from
neighboring electronic moments), then the solution to equation (3.16) becomes

po=90°(¢) = Xt cos(wyt) (3.25)

where the relaxation function (i.e. G(¢) in equation (3.15)) is Lorentzian, in shape, and
contains the spin relaxation rate (A). A Lorentzian shaped relaxation function can also
be a result of a distribution of dilute dipole moments
1 o
To? + A

p(Ai) = A = Bi,loc (3.26)

where the width parameter of the field distribution is ¢ and the local field at the i
muon site, not including the externally applied field is A;. The resulting relaxation
function is evaluated by taking a statistical average over a Gaussian distribution of

field values, is then a static Lorentzian Kubo—Toyabe function
1 2
G(t) = 373 (1 -y ot)eVnet (3.27)
In this case, a field applied with 6 = 0° the resulting relaxation function is found to be

o
Gltw,) =1— Vw”—jl(th)e-wt
L

Ymu0\* .. _
—( "”z ) (o(w,t)e"uot — 1) (3.28)
Yu0\? t 1
- (1 " <M_) )Vua_[ jo(wytDe vt dt’
Wy, 0

where jo and j; are spherical Bessel functions.

One way to address the field fluctuations at the muon site — either from the
muon sampling different sites that each a different field or by the local field itself
varying with time — is to assume that B, has a time dependence that is of the form

Bioc(t) = et (3.29)
where the fluctuation rate, as sampled the muon (v), is completely independent of its
past and future hops. The static Kubo—Toyabe (PXT, equation (3.24)) is modified and
becomes [62]
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PpT () = P (t)e ™"
t (3.30)

+ vfo PET(t")e vt PKT (¢ — ¢")dt’
In practice, the dynamic Kubo—Toyabe function require numerical methods to solve
for the resulting spin polarization function. In light of this, a variety of analytic
approximations have been made to allow for more efficient data analysis but require
some assumptions that correlate the fluctuation rate (v) and local field distribution (A).
The three main regimes and resulting form of the relaxation function (G/(2)) are

displayed in Table 3.1 where A = 2 A /v.

Table 3.1: Analytic Approximations
for Dynamic Kubo-Toyabe Relaxation Function

Assumption G(t) Comment
v/A<1 1 e%w Slow — only KT tail affected
3
1<v/A<10 exp[—1e vt — 1 + vt] Moderate — ‘Abragam’ function
v/IA>10 e Mt Fast — simple Lorentzian

A variation on the dynamic spin polarization function that is analytic and does
not require an assumption regarding the field distribution (unlike the Kubo—Toyabe
approach) is presented in [63]. This is a particularly good approximation if field
fluctuations are sufficiently fast (v > 10A) or one is only interested in the very early
times of muon decay. The result of this method is commonly referred to as the ‘Keren
function’ (published by A. Keren in 1994) that utilizes a perturbation approach where
one makes an assumption about the time dependence of the field—field correlation
function that allows for the expansion of the pertubative series leading to the final
analytic spin polarization function. For zero applied field (B = 0), this function is

written as
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P(t) = P(0) Zv—zz{exp(—vt) — 1+ vt} (3.31)
Where P(0) is the spin polarization function evaluated at the time immediately after
thermalization (e.g. the ‘static’ or initial state). The fluctuation rate (v) or inverse
correlation time (7, = 1/v) relates to variations in the field at the muon site regardless
of the fluctuation source — meaning this term alone cannot distinguish the field
fluctuations sensed by a muon hopping between sites with different fields opposed to a
stationary muon that senses fluctuations in fields due to nearby fluctuating nuclear or
electronic moments. Here, A is still defined as the second moment of the instantaneous
field distribution.

For dilute alloys [64], one can sometimes approximate the field distribution as

4y = A2 <— —2 > A, =B (3.32)
p(4; exp ; = By, .
l % 2 ]% l Lioc

where A, is the local field (externally applied field is not included) and the static width
of the fluctuating field (). Fluctuations in the field at the /™ u* site (i.e. 8Bjoc in

equation (3.14) and A; in equation (3.32)) lead to a relaxation function of the form

242
G(t,A,v) =exp <_Tt> (3.33)

Where the rate at which the fluctuating field varies (v) is large (i.e. v/a > 20). Taking a
spatial average of equation (3.33) produces the root—exponential shape that has been

successful in characterizing spin glass materials and, when By = 0, has the form

’4a2
G(t) =exp| — Tt (3.34)

When By is applied with 8 = 0° (i.e. longitudinal field; Bey || S, 1(0) ), and one recalls
oL = v,B, the relaxation function for these dilute alloy spin glasses work out to be of

the form

24%y
G(t,A,v) =exp <— ) (3.35)
V2 + w?f
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From here, one can extract that in general, the inverse relation of relaxation rate to

fluctuation rate
Am — 2L (3.36)

In general, a Lorentzian distribution is much better suited than the Gaussian
counterpart for describing the physical system where the stopping sites of the muon
vastly differ from one another and neighboring moments are spatially far apart. For a
dilute electronic spin system that produces a local field with a 1/° dependence, a
Lorentzian distribution shape fits quite well.

If the thermalized muon captures an electron forming the experimentally
accessible hydrogen analog, labeled muonium (Mu” = p'e” ), in a semiconductor, then
the By, term becomes important in equation (3.14). For isotropic muonium (for a
thorough treatment see e.g. [60,65,66]), the electron Zeeman splitting is the largest
term in the spin Hamiltonian. The two levels are e spin up and e~ spin down. The
muon Zeeman interaction introduces an additional splitting of the e levels that is
dependent on whether the ¢” and p" spins are aligned parallel or antiparallel. The
transition rate between these two states is the hyperfine constant (4) and shows in the

spin polarization spectra as an oscillating signal with either
A

feT = Wy, — E (337)
or
A
fer = w, + 5 (3.38)

Where, in the high field limit (w. > A) these frequencies (f;) relate to the two muon
spin—flip transitions that have Ams = 0. The measured p" precession frequency (w,,) is
extracted directly from the spectra. Similarly for the hyperfine constant, where

A= for—fe (3.39)
and the transition frequency for each e state (f.) is also directly measured from the
spectra. A schematic of this is shown in Figure 3.7. One can work out the eigenvalues
for these possible configurations including the field dependence of these energy levels
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and transition frequencies (i.e. solve the Breit—-Rabi Hamiltonian, governing the pi'—¢~
spin system; e.g. [65,66]). For a Mu® atom sitting in a tetrahedrally coordinated center,
as an example, a plot of these values are shown in Figure 3.8.

The topic of muon spin polarization functions is quite broad and continually
developing to keep up with the experimental work on the wide variety of materials
currently under study. Explanations with additional details as to how these are
developed for particular systems or in general is beyond the scope of this project. For
more than the very brief summary of the few relevant functions supplied here, I refer
the reader to any number of the already cited MuSR text books and other literature
(e.g. [60,59,62,63], etc).

Typical detector arrangements for use with TF—, LF— and ZF-MuSR
measurements are pictured in Figure 3.9. In the two—detector configuration, use of
detectors labeled 1 and 2 (c.f. equations (3.6) to (3.13)) are as straight forward as
previously discussed. If p = 1, which is quite typical unless something goes seriously
wrong with the scintillation detectors, then (3.13) can be re—written in the more

visually friendly form
_ N{(®) —aN;(t)

A0 = O+ aN©

(3.40)

where N; represents the /™ detector having already subtracted the beam—borne
background counts (c.f. (3.7)). The four—detector configuration has the distinct
advantage of being able to track the direction of muon spin rotation in addition to
doubling the angular resolution. To process the count information and return an
asymmetry, asymmetry calculations (e.g. equation (3.40)) are performed for the two
sets of counters, {1,3} and {2,4} and saved as two separate spectra.

This project uses transverse field muon spin rotation (TF—MuSR), longitudinal
field (LF-) and zero field (ZF-) muon spin relaxation to progress towards the goal of
characterizing the 1" behavior and magnetism within the Mn doped II-TV-V,

chalcopyrite semiconductors.
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Figure 3.1: Muon production and implantation

Diagram depicting the main process of muon production from the initial proton beam and
target interaction to the p” implantation into an insulating or semiconducting sample. Typical

time and energy scales are indicated for the process after implantation [57,67].
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Figure 3.4: Positron counts on individual histograms

The above shows the positron counts per histogram for the front (histogram 1, solid black line)
and back (histogram 3, dashed blue line) in a piece of silver at room temperature at an applied
transverse field of B.; = 99.66 G. [68]
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Figure 3.5: Corrected Asymmetry

Data from Figure 3.4, processed with equation (3.7).
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Figure 3.6: Coordinate system for muon spin

Figure 3.7: Mu® states

This cartoon [69] depicts an energy level diagram for the largest term in the spin Hamiltonian
[electron Zeeman splitting] for Mu in a high transverse field.
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Figure 3.8: Breit—-Rabi diagram for isotropic Mu’;

This depicts the energy level splitting with an applied field for a Mu’ in a tetrahedrally
coordinated site [65].with hyperfine constant A = 1965 MHz; which is the value determined
for ZnGeP, (i.e. section 5.1.1). Each line depicts the energy level for a possible state as a
function of field.

Figure 3.9: Typical MuSR detector configurations

Detector configurations [57] for typical muon spin relaxation and rotation experiments
consisting of 2 and 4 detectors (a) and (b), respectively. In real application, these detectors (F,
B, U, R, D or L) may be replaced with a large array of individual physical detectors, but each
array is consolidated into a group with the {F, B, U, R, D or L} designation so these diagrams
as a qualitative picture, are still applicable. In this paper, the {U, R, D, L} detectors are
referred to as {1,2,3,4}.
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3.1.2. Transverse Field uSR (TF—uSR)

Transverse field muon spin rotation describes the configuration where an
external magnetic field (B.x) is applied in a direction perpendicular to the incoming
muon spin polarization (i.e. 6 = 90°) and the resulting Larmor precession (of the muon
spin) about B, is typically followed with a set of four detectors similar to schematic
in Figure 3.9 (b). One way to obtain the transverse field orientation involves designing
the magnet and detector configuration such that B is perpendicular to S, without

requiring any additional modification to the beam. The alternative method is to use a

Wien filter (applies perpendicular Eand B fields) further up the beamline so that in
addition to cleaning the unwanted particles out of the beam one rotates the muon such
that the §,, maintains the desired orientation upon implantation.

The four parameters of interest in a typical TF-MuSR study are frequency,
asymmetry, relaxation and phase. The precession frequency (w,) is a direct measure of
B, since y, = 135.54 MHz/T is well known, as is the Larmor relation

Wy = VuBioc (3.41)
where B\, is the field at the muon site as described by equation (3.14). The asymmetry
(amplitude) is a measure of signal intensity which is directly correlated to the
probability of a muon entering a particular state — be it relative site population, p"
versus Mu" fraction or even a measure of the fraction of material in a magnetic state.
The relaxation rate parameter characterizes the way in which the measured oscillating
signal is damped. Phase refers to the apparent initial shift of the p" precession within
the spectra. For very low frequency oscillations (i.e. Bio. <100 G or o, < 1.3554
MHZz) or spectra that contain only one or two components with sufficiently different
frequencies, one can analyze time domain data relatively easily. Higher frequencies or
more complicated spectra give rise to the need for a different way of analyzing the
data. One way to deal with the higher frequency data is to utilize Fourier analysis to
convert the time—domain data to frequency—domain. Another technique frequently
utilized involves using a discrete rotating reference frame within the time—domain

[70]. The rotating reference frame is a transformation from the lab frame to a rotating
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observation point by subtracting the frequency of the rotating observation frame from
the raw data and then repacking the processed data points to display in a time domain.
Utilizing this rotating reference frame greatly improves the ability to resolve multiple
high frequencies in the time domain.

A very useful application of the TF-MuSR technique is that of the ability to
measure the local field with unmatched sensitivity. One can determine the magnitude
of the local field by either running without an externally applied field (i.e. Bex = 0) or
measure the field at the sample with the same probe one measures the field in the
sample. We often choose to setup the latter by using a reference sample (CaCO,)
mounted behind the sample and a scintillator cube so that the experiment can
distinguish between muons that enter the sample and those that enter the reference
sample. The positron count data from the " that enter the reference sample are
recorded exactly the same as the data from the sample except that they are stored in a
second set of histograms. By analyzing the data set from the reference sample and
comparing it to the data from the sample of interest, one can attribute nearly any shift
in the internal field as to being from within the sample where the pu" acts as a local
magnetometer. For example, Figure 2.2 is a simultaneous display of the reference
spectra with the sample spectra where one can clearly see that the 1" signal from the
spectra related to the sample is shifted from that of the reference u" line thereby
indicating a distinct and significant Bj,..

Another application of the TF-MuSR technique involves identifying and
characterizing Mu® and My’ like [65,60,69,71,72,73] centers. The extreme sensitivity
to local magnetic fields allow the " to probe the vortex states, magnetic penetration
depth and correlation lengths within superconductors [74], local fields, electronic
structure, ordering and nuclear spin dynamics. One can also study the diffusive
properties of " and Mu® [75], which is analogous to ionic H™ and atomic H diffusion

in metals and non metals, respectively.
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3.1.3. Longitudinal Field uSR (LF—uSR)

Longitudinal field muon spin relaxation describes the configuration where an
external magnetic field (B.x) is applied in a direction parallel to the incoming muon
spin polarization (i.e. # = 0°) where time evolution of the spin polarization function in
By is typically followed with a pair of counters similar to the schematic in Figure
3.9(a). Relaxation in LF-MuSR is typically caused by dynamic processes since, with
the exception of some magnetic systems, B, 1s aligned parallel with the incoming
spin and therefore there is no precession and so one uses the p" (probe) dephasing
information from the data to understand the system. If By is significantly larger than
By, and Bg;p, then the relaxation processes tend to be Lorentzian in nature since the
hyperfine and dipolar fields are decoupled [76] from the muon. In the case of a system
where B, contains a component that is not parallel to the incoming muon spin
polarization, there will be precession in the local field that will ideally appear as an
oscillation in the collected spectra.

Since LF data only utilizes two counters do not typically contain precession,
one must calibrate the spectra by determining the appropriate value for a (c.f. equation
(3.40)). Typically one utilizes a weak transverse field (B < 100 G) to force u+
precession and then adjusts the o parameter so that this induced precession is centered
around zero asymmetry corresponding to balancing the front and back detector
asymmetry. In an ideal setup where a = 1, a sample would be perfectly centered in the
sample space and the front and back detectors would be identical. Since in a real
experimental configuration this symmetry is very difficult to achieve, this correction
can be easily made during the analysis to balance (or weight) the asymmetry from
each detector as to not distort the final asymmetry. The so—called corrected asymmetry
refers to the data that has this o parameter set properly.

LF-MuSR can measure local field fluctuation rates, muonium transition rates
(site to site or charge cycles), strength of nuclear and electronic coupling of the " to

its local environment [77,78,79].

35



Texas Tech University, Patrick Mengyan, May 2014

3.1.4. Zero Field uSR (ZF-uSR)

In zero field muon spin relaxation measurements, the experiment is configured
such that the measured magnetic field at the sample site is zero (i.e. Bex; = 0). Some
ZF-MuSR setups have active ZF correction capabilities where field measurements are
constantly monitored during an experiment and a series of coils are responsible for
maintaining as close to zero applied field as possible. The detector configuration can
be identical to either the 2 or 4 detector configuration described for LF— and
TF—MuSR measurements, respectively. The choice in configuration is dictated by
what one is looking to measure. If interest lies in measuring the field strength within
an ordered magnetic phase, the TF—like arrangement may be preferred. However,
typically a 2—detector arrangement, identical to the LF setup, is used. ZF studies excel
in the ability to look at what " (or Mu®) does in a material, measure By and
characterize any dynamics that result from either p” (or Mu’) moving between sites, or

fluctuations in By, itself [62,80].

3.2. MUON FACILITIES AND APPARATUS

There are currently four facilities in the world that operate MuSR beamlines.
The two that have been used for this work are TRIUMF (Vancouver, Canada) and
STFC ISIS (Didcot, UK). Both use proton beam passing through a primary target to
produce surface pions and the subsequent muons. The main difference lies in
TRIUMEF is a cyclotron that provides a near continuous 500 MeV (~100 — 140 pA)
beam of protons to the target opposed to the pair of 800 MeV (200 pA) 100 ns proton
pulses, delivered at 50 Hz by the synchrotron at ISIS. While the continuous wave
source at TRIUMF allows for data collection involving a single muon at a time and
hence the capability of measuring very high precession frequencies and relaxation
rates (with the appropriate spectrometer, of course) but at the expense of having a
constant beam borne background present in the data. On the other hand, the ISIS
pulsed source, delivers bunches (several thousand per bunch) of muons with a finite

pulse width and so that after implantation, there is virtually no beam—borne
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background but the finite bunch size imposes an intrinsic limit on the precession

frequencies and relaxation rates that one can measure.

3.2.1. TRIUMF

The surface muon beamlines at TRIUMF used in this project are designated as
M15 and M20. Both can be configured for TF or LF modes and can accept the same
series of spectrometers. The few differences between the beamlines are not relevant to
the measurements related to this project. TF-MuSR measurements were completed
using a combination of the Belle, HiTime and HELIOS spectrometers through different
beam scheduling periods. The LF measurements completed at TRIUMF utilized
HELIOS. Belle is a superconducting Helmholtz coil magnet, specifically designed for
high transverse field measurements with a maximum field of 7.5 T. HiTime is a high
field (superconducting split pair magnet) and high frequency spectrometer that
replaced Belle and is capable of high transverse field or high longitudinal field
measurements with applied fields up to 7.0 T. Sample sizes are limited to 10 mm x 10
mm x ~25 mm due to the close proximity of the detectors as required to maximize the
angular resolution and minimize the effects high magnetic fields have on positrons.
The sample and detector arrangement used for both Belle and HiTime is pictured in
Figure 3.10. When used with the He flow cryostat, the normal operating temperature
range is from ~2 K to 300 K. The high temperature limit is restricted by the plastic
scintillators and light guides in the sample insert. Helios is a superconducting solenoid
capable of applying a 6 T magnetic field across the sample space. He flow cryostat or
a horizontal oven were used allowing a wide temperature range of ~2 K to upwards of
800 K. Helios can be used in either the LF, TF or ZF mode. While it does not contain
an active ZF correction apparatus, some provisions are available to take a static
measurement of the field in the sample space and manually adjust the correction field,
as needed and desired. The frequency resolution in the TF mode is not nearly as good
as HiTime as the distance from the sample to detectors is much greater but since the

detectors are outside the sample space, one is not limited to 300 K.
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Additional information regarding the available instruments and beamlines can
be found at http://musr.ca or http://www.triumf.ca. Figure 3.11 is a schematic of the

beamline relevant to the MuSR studies at TRIUMF.

Figure 3.10: HiTime and Belle sample mounting and detector configuration

Four scintillators surround the sample which is mounted on top of an additional scintillator
cube that is used to veto the positrons from muons that miss the sample and instead hit this
cube. When used with a CaCO, reference counter, the fifth scintillator cube is replaced with
an identical cube containing a thin layer of CaCO, behind the active part of the scintillator.
This is used to trigger the timing circuitry such that a count that misses the sample but hits this
reference sample will be tallied in a secondary set of histograms. This sample insert is
specifically for Belle and HiTime. This picture is taken from the perspective of the incoming
muons.
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Figure 3.11: TRIUMF beamline 1A

This schematic, which was current as of 2010, shows the beamline used for muon production
at TRIUMF (Vancouver, CA) [81]. The surface muon channels used at TRIUMF in this study

are M 15 and M20.
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3.2.2. ISIS

The muon beamline at ISIS has three instruments permanently setup to use the
muon pulse from the primary target, two of which are used for this project. Figure
3.12 is a sketch of the beamline configuration. EMU is a spectrometer configured with
the basic 2—detector configuration but in reality uses a series of 96 scintillation
counters; 48 counters constitute each front and back counter. This instrument is ideal
for LF— and ZF— measurements as the pulsed source is inherently low background and
is equipped with active ZF correction capabilities. The measurable temperature and
fields range from 50 mK to 1500 K and 0 to 0.45 T, respectively. HiFi is a high field
muon spectrometer that can be configured to function in the LF and ZF modes with
the typical 2—detector configuration where a 32 counter array (64 total) constitutes the
front and back counters. HiFi has an operational field (superconducting magnet) and
temperature range of 0 to 5 T and 30 mK to 1500 K. HiFi is also configured with the
active ZF correction coils. Figure 3.13 shows the design drawing for HiFi. EMU is
similar in design where the differences reside in number of channels per detector

array, magnet and details of the sample environment.
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Figure 3.12: ISIS schematic with TS1 and associated beamlines [82]
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Figure 3.13: HiFi spectrometer, design drawing [83]

The HiF1i spectrometer is configured with the 2—detector configuration where each detector
array consists of 32 channels. The EMU spectrometer has a similar qualitative layout but with
a total of 48 channels per array.
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3.3. SQUID SUSCEPTOMETRY

Quantum Design commercially produces superconducting quantum
interference (SQUID) based susceptometers designed to measure very small magnetic
fields via variations in the current between two parallel Josephson junctions [84]. That
is, two superconductors are separated by a thin insulating layer, through which cooper
pairs can tunnel, and the current within the loop is proportional to the phase shift of
the wavefunctions. In a DC SQUID susceptometer, a pair of these junctions are
configured with opposite polarity so that the magnetic field produced within the
current carrying loops are actively canceled. A magnetic sample is then lowered at a
fixed rate through these loops and the time varying magnetic field (as seen by the
superconducting loops) disrupts the existing current in these loops and the resulting
variation in voltage (detected via phase shifts) are measured, from which one can
determine the magnitude of the magnetic field produced by the sample. In practice, it
is often more practical to use a pickup coil through which one lowers the magnetic
material that is then electrically connected to the superconducting detection loop
where the standing current is disrupted by the induced current (from the time varying
magnetic field passing through the pickup coils). Figure 3.14 shows the typical
pick—up coil configuration for a DC SQUID Susceptometer. The Quantum Design DC
SQUID Susceptometer used in this study (Michigan State University, Department of
Physics and Astronomy, East Lansing, MI, USA) has a temperature and magnetic field
range of 2 K to 350 K and = 1 T and the capability to resolve magnetic moments as

small as 107 emu.
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Figure 3.14: SQUID diagram

The sample passes through the pickup coils at a specified temperature and given field. The
distance between coil 1 and 4 for the apparatus used in this study is approximately 3.5 cm. The
pictured SQUID voltage versus sample position plot is a screen shot from a measurement on
ZnGeP,:Mn [CC], showing a typical display of the raw data, as collected by the instrument.
The software was configured to fit these curve and output the measured moment based on
stored calibration data for each field and temperature point. Note the direction in which the
wire is wound is opposite for the inner and outer pair which allows for an active background
canceling and hence a more sensitive measurement. The magnetic field is typically applied
along the z axis but can be configured to the user specifications.
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3.4. ALTERNATING GRADIENT MAGNETOMETRY

Princeton Measurements produces an alternating gradient magnetometer
(AGM) designed to perform bulk measurements on small samples [85,86]. The sample
is mounted on the end of a transducer probe (with a piezoelectric element) that is then
suspended in the center of an electromagnet. A DC field is applied with a small, well
characterized, AC field gradient imposed on top of the existing DC field where the
resulting deflection of the probe (i.e. force on the probe, F) is directly proportional to

the magnetic moment of the sample.

dB
E, = mZBZd—ZZ (3.42)

The measured force calibration curve is established by initially measuring a well
known and characterized reference material.

The AGM used in this study is a Princeton Measurements (LakeShore)
MicroMag AGM 2900 with field capabilities of = 1.5 T and a sensitivity range of 1
pemu to 5 emu. Figure 3.15 and Figure 3.16 shows the AGM and transducer probe
used in this study. The reference material is a 2.778 mg yttrium iron garnet sphere,
provided by Princeton Measurements, where the magnetic moment is reported (by

NIST) to be 76.67 memu.
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Figure 3.15: AGM

This Micromag 2900 alternating gradient magnetometer is made by Princeton Measurements
(now part of LakeShore) and housed in the TTU Physics building.

Figure 3.16: AGM Transducer probe

This probe is attached to the base of the floating stage on the AGM head. The sample is
mounted on the clear glass square (under the 71cm mark) with a small dab of vacuum grease.
Two sample orientations are possible where the glass plate is parallel or perpendicular to the
applied magnetic field.
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3.5. NEUTRON STUDIES

Research with thermal neutrons (y, = 2r x 29.16 MHz/T) involves passing a
beam of these electrically neutral spin 1/2 particles through a sample and detecting
their position (or momentum) after leaving the sample. Neutrons interact with nuclear
moments (strong force interaction) and unpaired electrons (dipole—dipole) and
therefore can reveal atomic or magnetic structure information of a material. Hot
neutrons have energies on the order of ~100 meV to ~500 meV and wavelengths on
the order of 0.4 A to 1 A opposed to cold neutrons that have energies on the order of
~0.1 meV to ~10 meV and wavelengths from 4 A to 30 A. There are a wide variety of
scattering techniques, the primary difference between them are related to the energy
(and wavelengths) of incident neutrons, what features they are capable of efficiently
probing and whether or not energy is transferred to the sample (inelastic) or not
(elastic). Small angle scattering techniques are used to probe features on lengths scales
of 10 A to 100 A. Diffraction techniques, on the other hand, are used to probe static
and structure on the order of nuclei spacing. Neutrons are produced by either
spallation (H+ collision with target) or fission (Reactor based). There are a plethora of
sources on the neutron scattering techniques available and I will direct the reader to
references such as [87,88,89] for the additional information as these measurements
served only a supporting role in this project and one only needs a fundamental
understanding of the technique to grasp the relevance of the measurements.

The high flux isotope reactor (HFIR) at Oak Ridge National Laboratory
(ORNL, Oak Ridge, TN, USA) is an enriched U?*® reactor based neutron source.
Figure 3.17 shows the HFIR facility layout and location of the instruments.
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3.5.1.Triple Axis Diffractometry (PTAX: HB-1)

The polarized triple axis spectrometer (PTAX) on the HB—1 beamline on HFIR
at ORNL is configured to utilize thermal neutrons with an energy range from 5 meV to
120 meV. A schematic sketch of the instrument is shown in Figure 3.18. The available
sample environments include *“He/*He dilution refrigerator, He flow cryostats and a
cryofurnace providing an overall approximate range of 50 mK to well above 500 K.
The sample can be rotated a full 360° on the mount while the scattering and analyzer
angles can be varied from —90° to 120° and —40° to 140°, respectively. With the shorter
wavelength probe, the PTAX system is well suited for investigating features such as
spin waves in ordered magnets; excitations in low—dimensional itinerate magnets;
excitations (spin and lattice) in high—T, superconductors, colossal magnetoresistive
compounds; spin density distributions in magnetic compounds and phonon dispersion
curves in alloys. While specified as a polarized system, the polarized mode has yet to

function as such. [91]
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Foaheer
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Figure 3.18: HB-1 diagram [90]
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3.5.2.Magnetic Small Angle Neutron Scattering (GP—SANS: CG-2):

The general purpose small angle neutron diffractometer (GP—SANS) on the
CG-2 beamline on HFIR at ORNL is configured to probe structural and magnetic
features within the size range of 5 A to 2000 A as the available neutron wavelengths
are between 5 A and 30 A and range of sample—to—detector distance of 1 m to 20 m.
The sample environments range from cryomagnets, furnaces and mechanical load
devices allowing for a variety of possible experiments. Some applications in soft
condensed matter applications are molecular self assembly and interactions in
complex fluids; order in glassy systems; polymer solutions and colloids. More closely
related to this project are the applications in hard condensed matter and magnetic
systems. Examples of these are phase separation, nanocomposites, orientation in
metallurgical alloys, flux lattices in superconductors, ferrofluids and the relationship
between structural and magnetic domains and ordering [92]. A schematic sketch of the

CG-2 instrument is shown in Figure 3.19.

48 m 20m

Neutron guides
9 Evacuated detector tube

O .
S/;,é/;g,%/ 2.3-m flat mirror
(sample-detector distance: 1.20 m)

"o (2° deflection)

~&—8-x 2-m movable guide sections—» —
1 ' K R B B I |} —
/ <

Sample
flux > 107 n/[cm?s] at A2/A = 0.13 2-dimensional area detector
(resolution 0.5 x 0.5 cm?)

HFIR
core

Hop - moderator Velocity selector = s
(505cc @ T =19K) \ 4 <2 <30A; An/1=0.09-045 i £
(=) T 100 cm
Count rate
Inlet/outlet capability ~2x105 Hz
cooling lines |
(P=14.5 bar)

Figure 3.19: CG-2 diagram [90]
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CHAPTER 4:
EXPERIMENTAL DETAILS

4.1. SAMPLES

BAE Systems (Nashua, NH, USA) provided one n—type ZnGeP; single crystal
(8 x 8 x 1 mm®) sample, an n—type CdGeAs, single crystal sample (8 x 8 x 1 mm®) and
six Mn enriched p—type ZnGeP, samples, each with a different Mn content and cut
from the same boule grown by the horizontal gradient freeze technique from a melt
starting with 1.6 % Mn. Four are single crystalline and two are large grain samples
which all measure nominally 9 x 15 (+ 2) x 1.1 mm’. The Mn enriched samples are
labeled by letters A through F, in order of increasing Mn content but all below ~5 %.
Table 4.1 outlines the basic properties and labels associated with the relevant samples.
Additional information on this class of materials is in Table 2.1. Figure 4. through

Figure 4.4 show a few of the samples used in this project.

Table 4.1: Samples

Compound Label Dimension Orientation Type  Dist from
[mm’] Seed [mm]
ZnGeP; 253 A 7.1x85x1.1 [001] n n/a
ZnGeP,:Mn 141 7 8x 18.7x 1.1 [001] ~p n/a
<0.01 at%

CdGeAs; ~8x ~8x ~1 [001] p n/a
ZnGeP:Mn 146 AA  75x17x1.5 [001] P 6
ZnGeP»Mn 146 BB 7.5x17x2.2 [001] P 8
ZnGeP,:Mn 146 CC 9x13x1 [001] p 52
ZnGeP,:Mn 146 DD 9x13x1 Random p 75
ZnGeP:Mn 146 EE 9x13x1 Random p 95
ZnGePyMn  146FF 9y 13x1 Random p 120
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Figure 4.1: ZnGeP, — 253 A

‘ i'if!{l[\”if{‘II\MW‘
80 90 100
J.m/.u,l,u.’,n.I,H..’.lr,)

Figure 4.2: ZnGeP2Mn - 146 BB

Left: Mounted on sample holder for HB—1 at ORNL (section 3.5.1); the sample is
wrapped in aluminum foil (shown in right panel) and tied to an aluminum plate with
aluminum wire to prevent movement and possible loss during measurement. The
plate to which the sample is tied is approximately 25 mm x 34 mm.

Figure 4.3: ZnGeP,:Mn — 146 CC

Sample is inserted into a standard sized drinking straw, placed at the end of the
sample insert for use in the SQUID susceptometer (section 3.3).
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Figure 4.4: ZnGeP,:Mn — 146 FF

Sample is mounted to the aluminum ‘fly past’ holder for HiFi and EMU at ISIS (section
3.2.2). Samples are typically affixed to the holder with a small dab of vacuum or
grease (for thermal conductivity) wrapped with Al foil to hold the sample in place.
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4.2. MUON SPIN ROTATION: TF—MUSR (HYPERFINE SPECTROSCOPY)

Transverse field muon spin rotation (TF—-MuSR) measurements were
performed with the Belle, HiTime and Helios spectrometers on the M15 and M20
surface muon channels at TRIUMF (described in section 3.2.1). A magnetic field is
applied perpendicular to the initial spin polarization of the incoming 4 MeV 100 %
spin polarized and positively charged muons. The main goals of these measurements
include utilizing the similarities of p” and Mu’ to the proton (»") and hydrogen atom to
explore the possible isolated hydrogen defect states in these materials. In addition to
exploiting the large 1" magnetic moment to characterize the local magnetic fields
(Bioc). Recall that p" precesses in the local environment at the Larmor frequency
(equation (3.41): . = —y, Bioc) which provides a direct measure for B, at the site in
which p" resides. This type of measurement is not available by any other means.

Data were collected in fields ranging from 0.001 T to 7 T in temperatures
ranging from 2 K to 564 K. The majority of TF measurements on the undoped ZnGeP,
and CdGeAs,; samples were completed at 4 T between 2 K and 310 K where on the
doped samples fields of 0.01 T and 1.0 T in the same temperature range were utilized.
For the Mn enriched samples, extra care was taken to use the same procedure for each
sample. Specifically, all cooling was completed under zero applied field and when
applying the magnetic field, all data were collected at the set field before increasing to
the next higher desired field as to avoid unnecessary complications arising from
hysteresis related effects. Data collected in Belle and HiTime were limited to 300 K
and utilized the 4—counter arrangement (described in section 3.1.2) with and without
the CaCO, reference counter for the Mn enriched and undoped samples, respectively.
Additional data were collected via Helios configured in the TF mode in temperatures
up to 564 K and comparable fields. Unfortunately, no reference sample arrangement is
available in Helios and these measurements were geared towards a preliminary
investigation of the line shapes and possible Mu like species that may exist in

ZnGeP,:Mn.
54



Texas Tech University, Patrick Mengyan, May 2014

4.3. MUON SPIN RELAXATION: LF— AND ZF— MUSR (DEPOLARIZATION)

Longitudinal field muon spin relaxation (LF-MuSR) data were collected with
Helios on M20 at TRIUMF (3.2.1) as well as with the EMU and HiFi spectrometers
on the muon beamline at the STFC ISIS facility (3.2.2). A magnetic field applied in a
direction that is parallel to the initial spin polarization of the incoming 100% spin
polarized p" where the evolution of the time dependent muon polarization is sensitive
to inhomogeneity in the local field, spin dynamics in the local environment, " (or
Mu”) diffusion throughout the system. In the case of Mu" diffusion, electron spin flips
that occur with each subsequent hop, transfer back to the muon which cause dephasing
due to the fluctuation in Byy,. The main goals for these measurements include further
characterization of Mu® centers, " and Mu® mobility and characterize magnetic
fluctuations and correlations throughout the system. Data were collected on the
undoped n—type ZnGeP, sample in field and temperature ranges of 0 T to 0.45 T and 3
K to 600 K. Several magnetic field scans (Mu” decoupling curves) were completed,
with EMU at ISIS, at a series of temperatures from 10 K to 250 K to study Mu’
motion and further characterize the Mu’ center. Zero applied field data on p—type
CdGeAs; were collected over a temperature range of 8 K to 600 K on the EMU
spectrometer at ISIS. A small subset of data were collected on the very weakly doped
ZnGeP;,:Mn sample on the HiFi spectrometer at ISIS with fields and temperatures
ranging from ~0 to 1.9 T and ~3 K to 250 K. A series of preliminary field scans were
completed to compare the weakly Mn doped ZnGeP; results with the undoped ZnGeP,
results in order to determine the feasibility of utilizing " as a probe of the magnetic
properties in the dilute ZnGeP,:Mn materials and to explore the properties of this very
dilute material. Data collected on the p—type ZnGeP,:Mn samples were aimed at
characterizing fluctuations and correlations in the local magnetic environment. Data
were collected on four samples utilizing By from 0.01 to 4.0 T and a temperature
range from 2 K to nearly 700 K. Detailed temperature scans were completed at By =

{0.1, 0.375, 0.7 and 1.5} T. Detailed magnetic field scans were completed at various
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temperatures below and above each transition (Tapm =47 K; Trpm = 320 £+ 10 K) and

well into each phase.

4.4. BULK MAGNETIZATION

Initial room temperature and slightly cooled below room temperature Initial
magnetization data were collected at room temperature (T = 295 + 5 K) and slightly
below room temperature (T = 275 £+ 10 K) on ZnGeP,:Mn, (146AA) utilizing a
Princeton Instruments MicroMag 2900 Alternating Gradient Magnetometer (TTU
Physics), to verify the room temperature FM phase. Multiple M vs H curves were
produced with the maximum field range between + 1.5 T. These data were collected to
verify both the existence of a bulk magnetic phase in this sample and whether
additional temperature dependence measurements would be warranted.

Detailed bulk magnetization data were collected from four ZnGeP,:Mn
samples utilizing a Quantum Design SQUID DC Susceptometer at Michigan State
University (Department of Physics and Astronomy, East Lansing, MI, USA). Detailed
M vs T scans were completed at 0.01 T and 1.0 T with a temperature range of ~5 K to
400 K. Detailed M vs H scans were completed at {15, 80, 200, 280, 315, 350, 390} K
with applied fields of 2.0 T to +2.0 T.

4.5. TRIPLE AXIS NEUTRON SCATTERING

Triple axis neutron scattering measurements were performed with the polarized
triple—axis spectrometer (PTAX), in the unpolarized mode, on the HB—1 beamline of
the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL, Oak
Ridge, TN, USA) with the main goals of investigating the local magnetic structure and
homogeneity of Mn substitution throughout the sample, specifically looking to
identify phase separated complexes of MnP. These measurements were carried out in a
temperature range of 10 K to 310 K and a large combination of sample and detector

positional configurations.
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4.6. MAGNETIC SMALL ANGLE NEUTRON SCATTERING

Magnetic small angle neutron scattering measurements were performed with
the horizontal field cryomagnet and general purpose small angle neutron scattering
diffractometer (GP—SANS) on the CG-2 beamline of the HFIR at ORNL with the goal
of investigating these micro—scaled magnetic features by probing a different
fluctuation and feature size regime than available via LF-MuSR measurements. Data
were collected with a neutron wavelength of 6 (6=0.15) A with detector distances of 1
m and 12 m from the 2.2mm thick ZnGeP,:Mn sample (146BB). Data were collected
in temperatures from 1.5 K to 300 K. zero applied field and 2.5 T applied

perpendicular to the incident neutron beam were utilized.
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CHAPTER 5:
RESULTS AND DISCUSSION

5.1. MUON SPIN ROTATION: HYPERFINE SPECTROSCOPY (TF-MUSR)

5.1.1. ZnGeP;

Fourier transforms of the time—domain TF spin precession data at Byt =4 T on
the undoped single crystalline n—type ZnGeP; reveal three distinct frequencies at low
temperatures. Temperature and magnetic field (Bex) dependencies of these lines were
followed with the Belle spectrometer (on M15 at TRIUMF) from 3 K to 300 K at 4 T
and from 0.5 T to 7.0 T at 100 K, respectively. Similarly with the HiTime spectrometer
(on M15 at TRIUMF) but with the temperature scan performed at 1.5 T and the
accompanying field scan near 20 K. Figure 5. shows a sample Fast Fourier transform
of the time—domain spectra (the observed signal from ZnGeP; at T =5 K and Bex =
4.0 T). Each spectra (at a particular temperature and field) were fit in the time—domain
with a rotating reference frame set slightly below the " frequency. The spectra were
fit best with a linear combination of three sinusoidal functions, each with a Lorentzian

relaxing envelope function (c.f. equation (3.15))

3
P(t) = Z A, exp(—A,t) cos (wpt + ¢p) (5.1)
n=1

where the asymmetry (4,), relaxation rate (A,), precession frequency (o,) and phase
() are fit as independent parameters. The line in the center of the frequency spectra
shown (Figure 5.) is at the diamagnetic frequency (542.16 MHz; c.f. equation (3.41))
for u'. In this 4—detector configuration, one can determine precession direction by
reversing two of the counter’s position in the asymmetry calculation and look at the
resulting asymmetry (i.e. forward direction is 1,3,4,2 opposed to the reverse direction
of 1,3,2,4 c.f. Figure 3.9, Figure 3.10 and sections 3.1.2 or 3.2.1). The lower frequency
line (v;2), indeed, precesses in a negative direction (where positive is the direction in

which the 1" precesses). Once properly accounting for the precession direction, it is

58



Texas Tech University, Patrick Mengyan, May 2014

clear that frequencies of these satellite lines scale as a function of field and are
symmetric about ", which is consistent with the hyperfine splitting of Mu® in an
applied field [60,65] (c.f. equations (3.37)—(3.39) and surrounding discussion). The
resulting temperature dependent hyperfine values (4 = v34 — vi2) are shown in Figure
5.2 as extracted via the fits with equation (5.1). Identical results were obtained with the
sample oriented with the [001] direction offset from the original [001] parallel
alignment to the direction of the incoming p* spin polarization, which indicates that
the hyperfine interaction for this promptly formed Mu" state, visible via HTF
measurements, is isotropic. Furthermore, the zero temperature hyperfine constant is
found to be 1965.6 + 1 MHz.

Two common models were used in the attempts to model the temperature
dependence of the hyperfine interaction (shown in Figure 5.2). The Debye model,
which assumes that Mu” couples with the long wavelength portion of the acoustic
phonon spectrum [65] where the hyperfine parameter has a temperature variation of

the form

A (T) = App(0) [1 _ (L>4c jo R l (5.2)

Opp e*—1

where the zero temperature hyperfine value [Ayr(0)] and temperature dependent
hyperfine value [Axgp(T)] are taken directly from the data and the Debye temperature
(Opp) and coupling constant (C, which is a measure of orbit—lattice interaction) are the
fit parameters. The result is a very poor fit to the data over the entire temperature
range. An Einstein model that takes coupling to optical phonons or simply that
local-mode vibrations of the Mu’ dominate the temperature dependent variation in the
hyperfine interaction, did a much nicer job fitting the data. Moreover, this model
makes the bold assumption that all oscillations have the same frequency and that only
the vibrational ground state is relevant. In this model, the vibrational amplitude

increases as the sample is warmed. By taking a series on the mean square
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displacement of the vibrating atom, as to describe the change in hyperfine interaction,

the temperature dependence follows the form [93,94]

C C
A(T) = Ay + LS CR—

exp (i) (exn (127) (53

where the isotropic zero—temperature hyperfine parameter (4), the single vibrational

frequency (v) and the temperature independent coupling constants (C; and () are fit
to the data as independent parameters. From this data 4v is found to be 7.5 + 0.3 meV
(v=1.81 x 10'* Hz). ZnSe is a zincblende II-VI compound that has a similar structure
to the [I-IV-V; chalcopyrite, ZnGeP;. Mu’ also forms in ZnSe with a comparable
energy when the hyperfine interaction is fit with a similar model [95].

Analysis in variations of the v line shape (relaxation rate, A) as a function of
temperature reveal a dynamic character to the measured Mu’. Specifically the
temperature dependence of the relaxation parameter for v under an applied field of
Bext =4.0 T is shown in Figure 5.3. The rapid increase in relaxation rate that begins
around 200 K is characteristic of ionization and yields an energy of 208 &+ 8 meV.
Spectrometer resolution limitations prevented accurate detection of v34 above 200 K so
the analysis is limited to that of v;,. Lastly, the decrease in measured asymmetry
(above 200 K) of the v, and vs4 (at least the limited observable portion) lines
correspond to the growth of the 1" line which confirm the assignment of Mu’
ionization above 200 K as this indicates the conversion of the Mu” state to u". The
lower temperature variations in the v, relaxation rate are discussed in conjunction
with the LF— and ZF-MuSR data on this sample (section 5.2.1) as these measurements
are necessary to confirm assignments and complete the picture as to what mechanism

is causing these variations.
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Figure 5.1: ZnGeP, HTF spectra at T=5 K and B,,; = 4T

MuSR spectra showing the signals from the bare muon (p"), Mu’ vi, and Mu® vs,.
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Figure 5.2: ZnGeP, Hyperfine constant variation with temperature

High TF—MuSR temperature dependence of the hyperfine parameter at Bex; of 1.5 T

and 4 T determined from the difference it fit frequencies of v, and vs4.
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Figure 5.3: ZnGeP, Relaxation rate of v,,(T)

Temperature dependence of the relaxation rate associated with the vi, Mu® line. Fits to what is
assigned to local Mu’ motion (phonon assisted tunneling below 100 K) yields an energy
barrier of 12 + 0.2 meV. Above 100 K, Mu’ motion is assigned to thermally activated hopping
with an activation energy of E = 83 £ 5 meV. Above 200 K is assigned to ionization with an
energy of E =208 + § meV.
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5.1.2. CdGeAs;

As with the ZnGeP; (section 5.1.1) temperature dependence data at 4 T were
collected on a closely related, single crystalline CdGeAs, sample. The results were
strikingly different in that only the diamagnetic state (" or Mu ) is present. That is the
implanted p" either does not capture an electron or it captures two electrons, hence
forming the Mu state. Figure 5.4 shows that only a diamagnetic signal is visible
within the low temperature data. To distinguish between " and Mu~ experimentally
one really needs a system with large nuclear moments or significant dynamics.
Additional remarks to describe how one concludes that 1" is the state observed in this
TF spectra from diffusion measurements on CdGeAs; are found in section 5.2.2 where

LF and ZF measurements are discussed.

016 - I I I o I I I T 015
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Figure 5.4: CdGeAs, FFT at4.8 Kand4 T
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5.1.3. ZnGeP,:Mn

Analysis on four of the Mn enriched, p—type ZnGeP, samples (146 AA, CC,
EE, FF) show features that are consistent across the sample range and show a clear
trend as a function of Mn content (Figure 5.5). In general, a broad feature is present
that when compared to a simultaneous reference sample measurement reveals that
Bioc — Bext 18 between 0.2 + 0.05 G to 5 + 0.5 G lower than the measured field in the
reference sample (which Bjo. = Bey) at high externally applied field (BZf, = 1T). At
low applied field (BIf, = 10 mT), an internal field of the same magnitude is measured
but is higher than the field measured in the reference sample. Best fits to these data
were obtained by utilizing a rotating reference frame and simultaneously fitting the
time—domain spectra produced by muons decaying from within the sample and muons
decaying within the reference sample to a sinusoidal muon spin polarization function
with a Lorentzian relaxation envelope for the sample and a Gaussian relaxation
envelope for the reference. By performing simultaneous fits on the sample and
reference spectra, one is able to minimize the systematic uncertainty that may
otherwise exist due to variations in particular aspects of the analysis routine such as
frequency of the rotating reference frame, background removal, data binning and how
far out in the time—domain one chooses to include. At low temperature, in the PM and
AFM mixed state, this measured internal field is small. As the temperature increases
the measured internal field also increases until near 200 K where the shift remains
roughly constant to above 300 K. The corresponding asymmetry (normalized to
maximum p’ fraction via Ag calibration, for discussion throughout this section) for
measurements at both fields (10 mT and 1 T) are relatively flat at low temperature
with values 0of 20.9 £ 0.5 %, 23.9 £ 0.5 % and 54.8 £ 0.6 % for AA, CC and FF
(respectively) until above 40 K, where it begins to decrease nearly linearly to around
100 K, where AA and CC (lower Mn content) plateaus between 100 K and 175 K at
12.2 4+ 0.5 % and 13.8 £ 0.4 %, respectively. For AA and CC, above 175 K the
reduction in asymmetry continues nearly linearly with a smaller differential change to

4.7+£0.4 % and 6.1 £ 0.4 % at 300 K. In sample F (highest Mn content) the
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differential change in asymmetry decreases slightly between 100 K and 150 K and
then sharply increases until 225 K reducing the asymmetry from 41.0 = 0.7 % to 16.3
+ 0.7%, where it remains up to 300 K. The asymmetry increases slightly up to 425 K,
where it rapidly increases to recover nearly 100 % asymmetry above 565 K
(normalized to the u" asymmetry in a similarly sized piece of Ag at the same field,
where Ag is well known to be nominally non—relaxing and give a full " fraction). The
relaxation rate remains fairly constant through this temperature range. At 565 K, the
" precession frequency (from the sample) matches the Larmor frequency expected for
the applied field indicating that at 565 K, the local u" environment is completely PM.
The increase in relaxation rate is assigned to effects from rapid PM fluctuations and
sufficiently short FM correlations contributing to broadening the field distribution at
each " site. The high temperature (T > 550 K) regime relaxation rates fit best with a
Lorentzian relaxation function, although when attempted with a Gaussian, the
calculated uncertainties and reduced chi squared values are only marginally greater
than the fits with a Lorentzian function. Below ~500 K, however, fits that utilize a
Lorentzian relaxation function are better by a significant margin. One must consider
that in a typical semiconductor, " diffusion results in the " sampling many sites (i.e.
multiple local fields) and this change in environment reduces the spin polarization (via
spin flip) with each subsequent hop. An effect referred to as motional narrowing may
contribute to reducing the relaxation rate if the time between hops (inverse of the hop
rate) is sufficiently shorter than the fluctuation rate of the local field and the local field
distribution is sufficiently small. In these materials, u" is mobile above 400 K (see
sections 5.2.1 and 5.2.2) and yet the data show an increase in relaxation rate. From
this, one concludes that there is clearly another mechanism affecting the " behavior.

These transverse field measurements verify local magnetic order at the p" site
(c.f. sample versus reference spectra) and a clear source of inhomogeneity (e.g.
dynamics or a broad field distribution) in the local fields responsible for u" dephasing
at higher temperature that may be a related pre—cursor to the magnetic transitions.

Unfortunately, these spectra were not defined well enough to extract more than the
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overall shape of the relaxation function and a general measure of internal field

strength.
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Figure 5.5: ZnGeP,:Mn TF asymmetry trends with temperature and Mn content

These reported asymmetries are all from measurements on HiTime were the high temperature
is limited to 300 K and normalized to the u" asymmetry from silver, ~ 22%.
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Figure 5.6: ZnGeP,:Mn 146 AA asymmetry trend with temperature

These data are from fits to low transverse field (B.x = 10 mT) measurements on EMU and
normalized to the p” fraction present in silver at this field.
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5.2. MUON SPIN RELAXATION: LF— AND ZF-MUSR

5.2.1. ZnGeP;

Decoupling curves (asymmetry vs Be) [76] were used to further characterize
the Mu’ species found in ZnGeP,. These data were collected with EMU at ISIS at a
series of temperatures and externally applied magnetic fields (Bex:|| $,) in a range
from 8 K to 300 K and 0 T to 0.45 T. The data were primarily fit to a linear
combination of two Lorentzian relaxing components and a non-relaxing baseline

component (A3)

2
P(t) = Z A, exp(—A,t) + Az (5.4)
n=1

where the asymmetry (4,,) and relaxation rate (A,) terms were fit as separate
components in each time—domain spectra for a given temperature and applied
magnetic field (Bey). Initial analysis of the decoupling curves (4, vs B at a particular
temperature) that assumed an isotropic Mu’ with the parameters from the earlier TF
hyperfine spectroscopy failed to fit the data, even as a rough approximation. A model
accounting for axial symmetry in the Mu” hyperfine interaction [65,66,76] fit the

experimental data quite well. This model has the form

cos(¢)? + Lo B2t

1 Yi p2
N - * + B
2 1+15B2, APt (5.5)
Asy(Bext) = = ]/+* .
1+ Aiy Bezxt

where the angle (¢) is the angle between the symmetry axis and externally applied

field and N is the paramagnetic fraction. For convenience, I have defined yi =

4(ye + )/M)Zand Aiy = (Ax + Ay)2 , where A, and 4, are components of the hyperfine
parameter that are mutually perpendicular. This results in AL =2998 + ~300 MHz and
Aj =3559 + ~350 MHz. The perpendicular and parallel components refer to the

hyperfine interaction direction with respect to bond orientation. In this case, deviations

from the isotropic case are attributed to the dipolar coupling and can therefore be

68



Texas Tech University, Patrick Mengyan, May 2014

written in terms of an anisotropic hyperfine term with a dipolar contribution (D), such

as
A" = AZ + D
D (5.6)
AJ_ = Az _E

which can then be solved to yield A, = 3185 MHz and D =374 MHz (~10 %
uncertainty).

This anisotropy can be accounted for if the Mu® resides in a pseudo T—site
associated with the II-IV sublattice. In the case of a perfectly ordered ZnGeP, crystal,
unequal charge transfer between Zn—P and Ge—P bonds give rise to an electric field
oriented in the [110] direction. These unequal charges for Zn (+1.2¢.) and Ge (+1.8¢.)
lead to a distorted 1s Mu’ electronic wavefunction, where the resulting anisotropy is
along the axis of the electric field. Considering a perfectly ordered lattice with the
nearest neighboring Zn and Ge ions as the only significant contributors to the electric

field at this MuOT,IHV site the resulting electric field (Et1v) has the form

1 32V3
Eriy_w=%F e — 110 5.7
TI-1V +4n€0 9 (9zn — 96e)[110] (5.7)

where gz, and gg. are the effective charge of Zn and Ge, respectively (Figure 2.1). In a
realistic system, there is considerable disorder so the electric field given by equation
(5.8) represents one of several possible directions, although a maximum intensity as
the ideal case is assumed.

Analysis of the relaxation rate as a function of field, for each temperature on
this sample, yield dynamics related data. Specifically, by utilizing a single state model
where one assumes that the depolarization is caused by fluctuations in the local field
which is provided by the dipolar part of the hyperfine interaction [96]. Specifically,

this model of the relaxation rate takes the form

A (1 ad ) Dz (5.8)
- V1= x2/ \1+ wi,? .

where the vacuum Mu” hyperfine parameter (4o) is 4463.2 MHz and the magnetic

field related parameter x = By o,/B'normalizes the externally applied field (Byr ex¢)
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to the decoupling field (B’ = 0.113 T). The correlation time (t.), often expressed as a
fluctuation or hop rate (1/1.), is related to the time Mu” spends at each site. This model
is based on the principle that the field from the nuclear hyperfine interaction (Bhyyp)
interacts with the unpaired electron spin and the Mu’ diffusion direction is preferential
to the direction in which this field fluctuates. This means that with each successive
hop, an electron spin flip will occur and contribute to the depolarization of the muon
via this variation in Byyp. This model does not properly address the Mu’ moving
between two different sites or site anisotropy (unless the direction of the dipolar
contribution varies randomly) and is therefore somewhat limited in its usefulness
beyond an approximation of the Mu® behavior in this system. Temperature
dependence of the hop rates, as extracted via equation (5.8), are shown in Figure 5.7.
Here the increase in hop rate above 100 K is assigned to thermally activated hopping
with Mu ionization above 200 K. Below 100 K, the rapid increase in hop rate and v,
relaxation rate (from section 5.1.1 and shown in Figure 5.3) with decreasing
temperature is characteristic of quantum tunneling [97]. The decrease in hop rate with
decreasing temperature below 25 K is behavior typically associated with interactions

with defects or impurities.
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Figure 5.7: ZnGeP, Temperature dependent Mu® hop rates
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5.2.2. CdGeAs;

Since only diamagnetic Mu (either i or Mu") is present in CdGeAs, (as
determined by TF measurements, discussed in section 5.1.2), applying a longitudinal
field to investigate dynamics is not required (like it was for ZnGeP,) since if Mu~ were
to form, the net hyperfine field averages to zero and therefore does not affect the p"
frequency. Furthermore, one of the only ways to distinguish between p1" and Mu~
resides in analyzing the associated dynamics. Since this particular sample is
specifically p—type, it is highly unlikely that Mu~ will actually form. These data were
collected at ISIS on EMU under zero field and in a temperature range of 8 K to 600 K.
Two data points were collected under a transverse field of 100 G in order to determine
the appropriate value for the alpha correction parameter (by centering the oscillation
about zero). These data fit equally well to a Gaussian Kubo Toyabe (equation (3.30))
and the LF Keren function (equation (3.31)) in a time range out to 22 ps as the A
parameter is quite small. Parameters for these fits include asymmetry, second moment
of the local field distribution (A%) and the fluctuation rate (v). As one can see from the
form of the dynamic functions (either (3.30) or (3.31)), the A and v parameter are
highly correlated and hence will not normally yield a stable fit if allowed to
simultaneously vary, unconstrained. These fits were performed first by assuming a
completely static distribution of fields (force v = 0) and analyze the behavior of the A
parameter. If A changes significantly it means that the field in which the muon is
sampling is changing (e.g. via a change in local field distribution or from the onset of
dynamics). In this case, A only slightly varies (7% reduction) from 9 K to ~280 K
which compared to the 68% reduction (from 0.110 MHz to ~0.035 MHz) between 300
K and 425 K, the initial change is nearly negligible. Additionally, the static
Kubo-Toyabe function does a very poor job of fitting the data above 300 K as the
shape of the curve distinctly changes to a form that is clearly not a static
Kubo-Toyabe function but instead takes the form of a dynamic Kubo—Toyabe (Figure
5.8). This rather clear change indicates that while the field properties (as sensed by the

muon) are changing and the static Kubo—Toyabe function no longer provides a decent
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fit, another process is affecting the local field — in this case, dynamics. The best fits to
this range of data are achieved by setting A = 0.11369 MHz chosen by averaging the
fit A values over the few lowest temperature points where it changes very little (with o
=0.66599), and allowing the Kubo—Toyabe or LF Keren function to be dynamic — that
is, free the fluctuation rate (v). This method makes the routine assumption that the
RMS value of the field distribution (A) does not vary with temperature and that any
observed variation is the result of dynamics of the sensed field. Starting from the
lowest available temperature (Figure 5.9), the fluctuation rate increases only slightly
from around 100 K until the first hint of significant motion, around 300 K. By around
466 K, v increases by three orders of magnitude to near ~2 + 0.5 Mhz, where it
plateaus . Here, the time—domain signal is nearly completely flat (Figure 5.8) and
therefore insufficient variation in the observable time—dependent spin polarization
function to fit these data with these functions reliably at any higher temperature
indicating that there is no longer significant muon relaxation on the timescale that we
are able to observe. These rates below 300 K are characteristic of local motion such as
tunneling between nearby sites or between T—sites within a few unit cells. Above 300
K, the rates are still very low but a little more significant and we assign the dynamics
in this range to thermally activated site—to—site motion that moves beyond the local
range and whose diffusion rate is stifled by traps, above 400 K where the rates clearly

plateau [77] (Figure 5.9).
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5.2.3. Dynamics in ZnGeP,:Mn
Analysis of the LF data on four Mn doped ZnGeP; (146 AA, CC, EE, FF)

reveal consistent behavior among each sample with clear trends as a function of Mn
content. The best fits to time domain spectra were achieved by utilizing a spin

polarization function composed of a linear combination of exponentials
P(t) = Z Ay exp(—2nt) (5.9)
n

where the asymmetry (4,) and relaxation rate (A,) for each separate component (n) are
allowed to independently vary and fit simultaneously. Specifically, three distinct
relaxing components are prevalent, each exhibiting similar trends but distinctly
different parameters at any given temperature and field (i.e. Figure 5.10 and Figure
5.11). Not all of the components are completely resolved at every temperature and
field. Figure 5.10 shows the fit relaxation rate data from the sample with the lowest
Mn concentration (sample 146 AA), at applied fields of 0.1 T and 1.5 T. In addition to
the three relaxing components, all fits were performed with a very slow relaxing
component (A = 0.015 ps™'; Figure 5.11: orange diamond +) to resolve time dependent
signals from the sample environment and not the sample. This rate is set based on
calibration data collected using a comparably sized piece of silver, which is well
known to be 100% diamagnetic and nearly non—-relaxing. At the lowest applied field
(BLp=0.1 T), in sample AA, one relaxation feature is reliably fit from the lowest
measured temperature, 2 K, up to nearly 400 K (Figure 5.10: red circle,®) Between
400 K and 450 K, separation of this component from the other two relaxing
components is not reliably achieved. The asymmetry corresponding to this portion of
the first component (Figure 5.11: red circle,®), decreases into the noise level and it is
therefore unrealistic to expect stable and reliable extraction of the corresponding
relaxation rate values. At a field of 1.5 T, the same qualitative behavior is observed
below 100 K. Between 100 K and 300 K, the relaxation rate of this component appears

to flatten (Figure 5.10: red circle,®) around 0.2 ps' with extremely small asymmetry
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values at low field (Figure 5.11a: red circle,®) and at higher fields (Figure 5.11b: red
circle,®) the asymmetry of this component seems to increase but this is a result of the
inability to reliably separate the competing components. Despite the very low
relaxation rate and nominal asymmetry, it turns out that this component must be
included with a non—zero asymmetry in order to produce reliable fits, which confirms
that it is real. The second component (Figure 5.10 and Figure 5.11: black square, m)
has relaxation rates that fit reliably from 0.1 us_l up to 19.5 us_l and 0.1 us_l to 5.2
us_l between 300 K to 550 K and 275 K to 525 K, in fields of 0.1 T and 1.5 T,
respectively. The third component (Figure 5.10 and Figure 5.11: blue triangle, A) has
relaxation rates that fit reliably from 0.1 ps™ up to 70 ps ™' and 0.1 ps™ up to 8 ps™'
from about 350 K to the highest available 650 K, in applied fields of 0.1 T and 1.5 T,
respectively. Temperature dependent LF data at applied fields of 0.375 T and 0.7 T
were collected and the relaxation rates are completely consistent with the trends
discussed here. The relaxation rates in these particular regions, in all three
components, scale inversely with applied field and decreasing temperature, which is
consistent with the expected behavior for weakly fluctuating moments [98,99,67].
Specifically, the relaxation rate associated with fluctuating spin, as sampled by p", is
inversely proportional to the fluctuation rate and scaled by the root mean squared
value of the fluctuating field (c.f. section 3.1.1). This relaxation rate behavior is
consistent among all of the Mn enriched samples.

The relaxation rate of the second component at 0.1 T (Figure 5.10 left panel:
black square, m) appear to peak around 300 K. The fit asymmetry of that component
(Figure 5.11 left panel: black square, m) has a smooth rise from 400 K to 300 K, the
subsequent fall in relaxation rate is accompanied by a slight decrease in asymmetry
continuing down to an abrupt change at ~ 150 K. The very sharp dip in this relaxation
rate, centered around 125 K, is complemented by very little change in asymmetry.
This feature is in direct contrast with the 1.5 T data (Figure 5.11 right panel: black

square, m). This dip in the relaxation rate, while consistently present across the
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samples at low field, does vanish as the field increases. That is, the relaxation rate
appears to increase as the field increases.

At 1.5 T one finds a very smooth increase in relaxation rate (Figure 5.10b:
black square, m) from 550 K to ~220 K, below which the relaxation rate appears to
flatten until ~100 K where it is no longer observable. The fractional asymmetry
(Figure 5.11b: black square, m) increases smoothly from 0 to 5 % between 550 K to
about 425 K. There is a smooth but abrupt dip in asymmetry (Figure 5.11b: black
square, m), centered around 400 K, where the additional relaxing signal (Figure 5.10b
and Figure 5.11: blue triangle, A) becomes much stronger. Specifically the dip near
400 K (Figure 5.11b: black square, m) is complemented by a significant increase in
fractional asymmetry (Figure 5.11: blue triangle, A), 5 % to 29 %, between 425 K and
325 K and then this additional component (blue triangle, A ) is no longer visible below
300 K. From 300 K to 100 K the reduction to 10 % fractional asymmetry in the second
component (Figure 5.11b: black square, m) is very smooth. Below 100 K this
component is no longer visible. This behavior below 200 K is consistent with what
one expects for relaxation rates that are too fast for accurate measure (detection limits
via spectrometer limitations). That is, these fits result in reduced asymmetry and
relaxation rates due to not seeing enough of the signal to allow for an accurate fit for
the particularly fast relaxing component. Therefore, this measured reduction in
asymmetry and relaxation rate is likely not consistent with the actual u" depolarization
behavior. Alternatively, when a second process begins to dominate the p* relaxation,
clean separation of the individual components (from each process) where both
processes are active, can become very difficult if not impossible. Consider a situation
where the rate of local field fluctuation, from two different sources (processes),
become comparable, two completely separate events that result in the same overall p*
response behavior can simply not be distinguished from each other based exclusively
on that metric. Comparing the reliable portion of the first and second component’s
asymmetry and relaxation rates, one can see that the behaviors are qualitatively very

similar. The first component Figure 5.10 and Figure 5.11, red circle,®) has peaks in
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asymmetry that correspond to a ~ 1 us™' relaxation rate at all measured fields
(including 3.75 kG and 7 kG, not shown). Likewise for the second component at 3.75
kG (not shown), 7 kG (not shown) and 1.5 T (Figure 5.10b and Figure 5.11b: black
square, m). A peak in the third relaxing component asymmetry (Figure 5.10 and
Figure 5.11: blue triangle, A) is centered around 425 K and 390 K for 0.1 T and 1.5
T, respectively with an additional asymmetry peak near 550 K in the 1 kG data (Figure
5.10a and Figure 5.11a: blue triangle, A) corresponding to a ~1 us ™' relaxation rate.
The qualitative consistencies between these features all suggest that a similar
mechanism is responsible for the change in muon spin polarization. A peak in
asymmetry specifically from weak fluctuations occur where the precession frequency
of 1" matches the fluctuation rate of the local field and hence produce a smooth
increase and decrease surrounding the peak if the fluctuation rate also varies smoothly
(continually decreasing, in this case) with temperature [98,99].

These features are qualitatively consistent across the rest of the samples.
Differences reside in where the asymmetry peaks occur and the actual measured
relaxation rate — in general, the relaxation rates decrease with increasing Mn content.

The first relaxing component (red circle,®) is assigned to be an interaction
with AFM spin fluctuations detected from 350 K to the lowest measured temperature,
2 K. The second relaxing component (black square, m) is assigned to fluctuations
related to short-range FM correlations, detected from 550 K down to ~200 K. The
third relaxing component (blue triangle, A) is detecting a precursor to the FM
transition that may relate to small clusters with a net spin, aligning with the applied
field, then weakly coupling via charge carrier mediated spin—exchange, hence

contributing to field induced FM order.
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T —— T T T
10| ZNGeP,:Mn [AA] P s IR
B, _=1kG + 1 Tty TG
LF I L
0.8 |- E 08 -
z & = ¥* 2
c = c n C-2
3 o.s-%% * 1 lﬁ g g 06 e C1 g
z S A A\ < s c3
z * oo z Non-Rix
oé 0.4 -2 B g 0.4 *« Total b
£ J € L =
2 3 . h o, Bp=15T
< o2f 4 < o2} e ﬁ% A%1 g
T §§ L% I L 4
? é ] I e et 4
0ot 'f" ° " a "'--i hﬁi-luk 4 o_o-quI!" . | am "“l-- L
0 00 200 300 700 0 00 200 300 40 80 60 700
Temperature (K) Temperature (K)

Figure 5.11: ZnGeP,:Mn AA Temperature dependent LF asymmetry
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5.3. BULK MAGNETIZATION MEASUREMENTS: AGM AND SQUID

The initial magnetization data, measured via the AGM at TTU (Department of
Physics) showed a clear difference between the room temperature (T =295 + 5 K) and
cooled (T = 275 + 10 K) measurement, as shown in Figure 5.12. The kink in the lower
temperature measurement shows hints of a slight hysteresis in addition to the obvious
change in slope that indicates a clear, non—diamagnetic response between + 1 kOe.

Much more detailed and complete measurements were performed via a DC
SQUID Susceptometer at Michigan State University (Department of Physics and
Astronomy). These data confirmed a mix of bulk PM and AFM below 47 K and a FM
phase between 47 K and ~320 + 15 K in four Mn enriched samples (146 AA, CC, EE,
FF). Measured bulk magnetic moment vs applied field curves (where the sample is
held at a fixed temperature while the sample is measured at a series of applied
magnetic fields) at 350 K revealed field induced FM order that collapses to zero in
zero applied field, as shown in Figure 5.13. where the arrows indicate the
chronological progression of collected data. Similar effects are observed above 320 K
in the other ZnGeP,:Mn samples. This behavior is consistent with large cluster

moments slowly aligning with the external field.
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Figure 5.12: ZnGeP,:Mn AGM magnetization curve

The ZnGeP,:Mn AA sample was measured at two temperatures, first (black dotted line) at
room temperature (T = 295 + 5 K) then cooled (solid blue line: T = 275 + 10 K) and measured
again. Although slight, the coercively measures around 9 mT in the lower temperature
measurement where there is clear non—diamagnetic behavior.
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Figure 5.13: ZnGeP,:Mn AA and CC SQUID Magnetization

(a) Bulk magnetization versus applied magnetic field at T = 350 K, where the arrows indicate
the chronological progression of the measurement and the solid line is a b—spline fit to the
data points intended to be a guide for the eye. This measurement is well into the claimed
PM phase (from low field M vs T measurements by other groups [30]).

(b) Low applied field (10 mT) magnetization as a function of temperature measurements on a
sample with higher Mn content [CC] sample indicating a clear FM phase between 50 K
and 300 K. Extrapolating to the higher temperature, this curve suggests a 335+ 5 K
PM-FM transition temperature and qualitatively similar to the rest of the samples where
the transition temperature scales with Mn content.
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5.4. NEUTRON STUDIES

Triple axis unpolarized neutron scattering measurements revealed no
convincing evidence of phase—separated complexes of MnP below 300 K. No apparent
temperature dependence (over a range of ~2 K to the maximum available, 300 K) to
the observed ZnGeP,:Mn (146 BB) features in the data indicate that if there is
periodicity in the magnetic structure, it is beyond the detection limits of this
measurement technique.

Magnetic small angle neutron scattering (SANS) data revealed no significant
signs of magnetic clusters (i.e. large unpaired spin) below the maximum available 300
K, which suggests that if they exist below 300 K, they are below the detection limit.
At the time of the experiment, the sample environment was not capable of exceeding
300 K thereby prohibiting the measurements in the PM region with and without an

applied field, where the large clusters of unpaired spin were expected.
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CHAPTER 6:
CONCLUSION

This study has primarily utilized the unique properties of 100 % spin polarized
muons to investigate the local electronic and magnetic environment of ZnGeP»,
CdGeAs; and a few samples of ZnGeP,:Mn with varying Mn concentration. The
similarities of " to H" and Mu® to the H atom provide the ability to utilize p” and Mu"
as experimentally accessible analogs to hydrogen in a variety of materials.
Additionally, the large magnetic moment allow the 1" to act as a local magnetometer
and probe local fields on the scale of tenths of Gauss. This coupled with the probe
itself (incoming p") being 100 % spin polarized in their initial state give this technique
a unique way of investigate material properties.

From this study we know that upon implantation in n—type ZnGeP,, a neutral
muonium (Mu) is promptly formed in the tetrahedrally coordinated site associated
with the group V neighbors and has an isotropic hyperfine parameter of ~1965 MHz.
A second T-site is later occupied by Mu’, which is associated with the II-IV sublattice
with an anisotropic hyperfine parameter of A,= 3185 MHz and D = 374 MHz. Mu’
dynamics in ZnGeP; are characterized by first (below 25 K) interacting with local
impurities or defects. From 25 K to near 80 K, the dynamics are assigned to quantum
(phonon assisted) tunneling as the hop rates decrease with increasing temperature (E =
12 =+ 1 meV). The dynamics between 100 K and 200 K are consistent with thermally
activated hopping (E = 83 + 5 meV). Above 200 K, these dynamics also coincide with
the Mu’ signal itself disappearing, which is assigned to Mu’ ionization with an energy
close to 208 + 8 meV, confirmed by both TF and LF measurements. Lastly, by
modeling of the temperature variation in the hyperfine parameter, one determines a
vibrational energy from an Einstein model of Av =7.50 meV (v = 1.81 x 10'* Hz)
which is rather comparable to the structurally similar zincblende ZnSe compound [95].

With respect to the specific isotropic T—site assignment, one ought to consider
that rapid hopping between multiple anisotropic sites can show a single hyperfine term

that is really an average of each visited site. The required hop rate must be much larger
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than the hyperfine parameter (v >> 2ndyy) for this averaging to occur. In the opposite
limit, where the hop rate is sufficiently slow (2n4yr > V), the observed hyperfine
signature has a much higher relaxation rate than a typical static Mu® as the field
fluctuation in the hyperfine term (e.g. transitions v, and v34) are broadened by the
sampling of multiple sites with significant dephasing occurring (via field dynamics)
while in each site. Since the reported hop rates and hyperfine parameter are on the
same order of magnitude we can safely conclude that the hyperfine frequency of
~1965 MHz for the T—site associated with the P neighbors, is isotropic.

In light of all of these considerations, the only reasonable model capable of
describing all of the observed features in ZnGeP, including the two distinctly different
hyperfine results, temperature variation of TF relaxation rates and LF derived hop
rates is described here. That is, upon implantation, Mu’ is promptly formed with an
isotropic hyperfine constant which is in the T—site associated with the phosphorous
neighbors. The Mu” then proceeds to hop the Mu’r associated with the II-IV
sublattice with a different set of anisotropic hyperfine parameters. It is unclear as to
whether this is a two—way process; however, there is no evidence to suggest that it is
not.

From this study, we have determined that in p—type CdGeAs,, 1" remains bare
(i.e. Mu” or Mu™ are not formed) and is very slow to diffuse through the bulk, even at
temperatures in excess of 400 K where traps limit the diffusion rate. This relatively
small hop rate in both CdGeAs; and ZnGeP,, at its fastest, demonstrate that
complications due to motional averaging should not be an issue in these samples.

Experimental techniques that probe the bulk and local properties of
ZnGeP,:Mn samples with less than 5 at % Mn content have been completed in an
effort to expand the understanding of magnetic features and fundamental mechanisms
that are active in this class of DMS systems.

Significant local, field induced, FM order from ~2 K to well above room
temperature has been determined by TF—-MuSR measurements. Three regimes of

magnetic fluctuations have been revealed by LF-MuSR measurements. One related to
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AFM fluctuations spanning both PM—FM and FM—AFM/PM transitions. Another
related to short—range FM correlations, detected above and through the PM—FM
transition and well into the bulk FM phase. A third regime, at high temperatures, is
related to a precursor to the PM—FM transition. AGM and SQUID magnetization
measurements clearly indicate a bulk response to an applied magnetic field that
confirms the internal order. Additionally, SQUID measurements above Tgy clearly
show a significant field induced bulk FM that collapses to zero at low applied field.
The magnetic features were determined to be outside the detection capability of the
two neutron scattering techniques utilized in this study. In the case of the above Tgy
feature, in an experimentally inaccessible temperature range to the neutron instruments
used.

Considering the ensemble of observed behavior above Try, most importantly:

(1) In CdGeAs;:Mn the high applied field (and above Try) measurements showing a
distinct shift in p" precession frequency and broadened TF—-MuSR spectral lines
opposed to the rather sharp and single p" feature in the pure CdGeAs; (e.g. Figure
2.2 and Figure 2.3)

(2) In ZnGeP;,:Mn the broadened and shifted TF—-MuSR spectral line at high field and
above the PM—FM transition until very high T (T > ~600 K), where the spectral
line significantly narrows and distinctly shifts to the precise frequency expected
for p” in the provided By (c.f. equation (3.41))

(3) Slowing fluctuations (increasing relaxation rates), under applied longitudinal
magnetic field from very high temperature (T > ~600 K) through the ~Tgym
temperature region where the TF-MuSR “n"” line (ZnGeP,:Mn) both shifts and
broadens (with decreasing temperature) and between 500 K and 400 K where the
asymmetry of this fluctuation component peaks around 425 K (i.e. precession
frequency of 1" match fluctuation rate of the field that it is probing)

(4) Bulk magnetization measurements showing field induced FM collapsing at low

applied field
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The composite picture suggests that the mechanism leading to bulk FM order
may be comprised of Mn moments that are aligned, preferentially with the applied
field, and interact with neighboring moments through the semiconducting charge
carrier (h', in the case of these Mn enriched II-IV—V, chalcopyrites) whose
wavefunctions are broadened by the applied field. That is, perhaps, the magnetic ion
interacts, via spin—exchange, with a quasi—localized h" that has an expanded
wavefunction encompassing multiple Mn ions where the gain in kinetic energy and
change in entropy (ASen) from localization is offset by the exchange coupling and
coulombic interactions between the h* and the Mn”" local moment. Decreasing the
temperature or increasing the applied field reduces the energy gained by h"
localization, causing the wavefunction to expand and therefore increase the number of
Mn ions involved in spin-exchange with this h". This may increase the correlation
length of the interactions within the reach of the h" and eventually develop significant
wavefunction overlap of neighboring quasi—localized h” resulting in the long-range
order that is present below Tgy;, in the bulk FM state. The picture described here, is
consistent with that of a spin—polaron [69,100,101]. To be clear, a spin polaron is an
entity composed of a charge carrier (¢~ or h") and reorientations of local spins that
form its immediate FM environment that, as an ensemble, behave as a single
quasiparticle with giant spin (S). The change in free energy (AF) is expressed in the

form (e.g. [69,72,102] etc)
hz a 3 q2
— —7(=) =1 6.1
AF = 5 =] (R) =+ TASen, (6.1)

where R is the confinement radius for the charge carrier with effective mass (m*) and

charge (g), in a material with lattice constant («) and dielectric constant (¢). J is the
exchange interaction term. Spin polarons have been observed (by our collaboration
[103]) in a wide variety of materials and seem to be a likely mechanism contributing
to various phenomena such as magnetic order in a variety of systems [102,104,105];
large carrier mass enhancement; high 7, superconductivity [ 106]; various degrees of
magnetoresistance or magnetostriction [71,107]; the coexistence of FM ordering,

superconductivity and heavy fermion behavior [108]; a number of frustrated magnetic
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systems and correlated metallic systems [72]. In nearly all of these other systems,
evidence of SP were presented clearly enough to not only conclusively identify its
signature but, in many cases, determine the carrier confinement radii and composite
spin of the SP itself. Confinement radii were then compared to the expected pu" site and
number of overlapping nuclei where the measured composite SP spin is consistent
(within the experimental uncertainty) with the expected value. Data on these Mn
enriched II-IV—V, Chalcopyrites are quite suggestive of the SP playing a key role in
mediating the magnetism throughout the bulk, but admittedly, it would be much more
convincing if more detail could be extracted. In addition to the data presented here, a
picture that considers SP as a mediation mechanism would potentially resolve the
issue of seemingly inconsistent variations of magnetic properties as a function of
lattice parameter (as in double—exchange) and carrier concentration (as in Zener) for
the transition metal enriched [I-1V-V; chalcopyrite systems (e.g. [1,2,3,4], etc).

Dynamics (e.g. diffusion) of the i probe itself, as measured in these materials
via ZF-MuSR, could potentially explain some of the TF spectral line narrowing above
500 K. That however, would not explain the distinct shift in the u" line from the
simultaneously measured " in the reference frequency — indicating the presence of a
local magnetic field which is easily explained via a SP picture. Additionally, since
below 400 K, " is very slow moving or nearly static (as is the case below 300 K)
probe motional dynamics simply do not enter into the picture.

Interpreting the reduced amplitude, broad signal, and shift in p" precession
frequency (o,) in ZnGeP,:Mn (as compared to the simultaneously measured o, from a
reference sample) throughout the rest of the TF-MuSR data is rather unambiguous as
it clearly shows that there is an internal field at the " stopping site. The width and
shape of the TF spectral line directly relates to the relaxation rate, which is governed
by field inhomogeneity or dynamics (c.f. 3.1.1). Field inhomogeneity, as sensed by a
stationary probe, is simply the result of having a distribution of possible fields
throughout the ensemble of sites within a material. Specifically for these dilute Mn

enriched Chalcopyrites, sites that are closer to a Mn ion will have a stronger field than
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one several sites away. Since several million muon decay events are collected at a set
field and temperature, the ensemble samples a fair number of different sites
throughout the bulk. The dynamics that may contribute to the broadening of a spectral
line from a stationary probe refers to the dynamics of the field itself. In this case, the
dynamics specifically relate to fluctuations of the Mn electronic moments that
contribute to a non—zero (time dependent) dB)... The simple fact that the amplitude
related to this shifted broad spectral peak that increases as a function of increasing Mn
content, further supports the relation and " sensitivity to dynamics from the Mn
moments.

The inability to resolve these features with greater detail reflects on the
limitations of the current experimental configurations and the complexity (high
disorder) of these dilute magnetic systems. While we do have some insight as to the
local field strength, a rough picture of the microscopic field distribution and a possible
mechanism that may be responsible for the magnetic phases. The development of a
detailed model specifically for the II-IV-V; Chalcopyrites, is needed to further
understand these materials. Since the models that are closest to describing the
[I-IV-V; Chalcopyrites in the dilute magnetic regime are for I1I-V or [I-VI materials
and are distinctly different when it comes to transition metal solubility — which is,
arguably, one of the most important aspects that seem to be continually overlooked by
the magnetic semiconductor community — they clearly fail to describe the magnetic
interactions and their variations with respect to temperature and magnetic ion content.
What may also help advance the understanding of the magnetism in these materials is
to revisit the neutron studies with a sample environment that will allow for above Tgm
investigation of large unpaired spin under an applied magnetic field, which ought to be
within the resolution limits of SANS measurements. Analyzing the current data with
an applicable SP based model, where one understands the variation in line shapes
under different applied field conditions and fluctuation regimes (of moments internal
and external to the confinement radius of the SP) may also be rather productive in

exposing additional detail on the microscopic magnetic field structure.

87



Texas Tech University, Patrick Mengyan, May 2014

Considering the generous lack of alternative explanations for these observed
features, the SP picture seems to be consistent with all aspects of the data and as of
now, a much more complete explanation than any other option.

This study provides the suggestion where SP mediate the magnetism in these
dilute magnetic [I-IV-V2 chalcopyrite systems. Such a model would provide
compromise between the vastly insufficient double—exchange and Zener models as the
magnetic ion concentration nor the conductivity requirements, respectively, are not
satisfactorily met for either.

As true with nearly any scientific project, idea or experiment, the effort to
answer questions in reality merely addresses the original questions and, in the process,
develops even more questions. In this case, the main and fundamental question at hand
relates to how the magnetism in dilute magnetic semiconducting [I-IV-V,
chalcopyrites transfers from the local moments to the bulk. After this in depth study,
we believe that a SP based mechanism is very likely to be at the root of mediating the
magnetism in these materials. With this assignment, a plethora of questions relating to
characterizing the SP or SP—like mechanism in these materials, comparing the SP in
these materials to what is observed in a wide variety of other types of materials and
how to really characterize the various properties of such a SP are introduced. While
the data presented here may be primitive compared to many other well known and
characterized phenomena and mechanisms, we believe that it is consistent with the
observed properties and promising for continuing to develop an understanding of
another class of dilute magnetic semiconductors that are very well suited for near

future and practical applications such as in spin—electronic devices.
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APPENDIX B:
SELECT PAPERS

B.1. SPIN-POLARON BAND OF HEAVY CARRIERS IN THE HEAVY—FERMION

FERROMAGNETIC SUPERCONDUCTOR UGE,

This paper was submitted to Nature Physics in March of 2014 and the text
included here is in the exact form in which it was submitted with the only exception
being the equation, figure and citation numbers have been modified as to minimize

confusion with the rest of this document.

B.1.1. UGe2: Author Information and Associations

Vyacheslav G. Storchakl, Jess H. Brewerz, Dmitry G. Eshchenk03,
Patrick W. Mengyan®, Oleg E. Parfenov' & Dmitry Sokolov’

'Russian Research Centre “Kurchatov Institute”’, Kurchatov Sq. 1, Moscow 123182, Russia
’Department of Physics and Astronomy, University of British Columbia, Vancouver, BC, Canada V6T
171

SBruker BioSpin AG, Industriestrasse 26, 8117 Fallanden, Switzerland

‘Department of Physics, Texas Tech University, Lubbock, Texas 79409—1051, USA

’School of Physics and CSEC, The University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, UK

B.1.2. UGe;: Text

In strongly correlated materials, cooperative behaviour of the electrons causes
a variety of quantum ordered states that may, in some cases, coexist [B1.1-B1.3]. It
has long been believed, however, that such coexistence among ferromagnetic ordering,
superconductivity and heavy—fermion behaviour is impossible, as the first supports
parallel spin alignment while the conventional understanding of the latter two
phenomena assumes spin—singlet or antiparallel spins. This understanding has recently
been challenged by an increasing number of observations in uranium intermetallic
systems (UGe,, URhGe, Ulr and UCoGe) [B1.4-B1.7] in which superconductivity is
found within a ferromagnetic state and, more fundamentally, both ordering

phenomena are exhibited by the same set of comparatively heavy 5f electrons. Since
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the coexistence of superconductivity and ferromagnetism is at odds with the standard
theory of phonon—mediated spin—singlet superconductivity, it requires an alternative
pairing mechanism, in which electrons are bound into spin—triplet pairs by spin
fluctuations [B1.8, B1.9]. Within the heavy—fermion scenario, this alternative
mechanism necessarily assumes that the magnetism has a band character and that said
band forms from heavy quasiparticles composed of f electrons. This band is expected
to be responsible for all three remarkable phenomena — heavy—fermion behaviour,
ferromagnetism and superconductivity — although its nature and the nature of those
heavy quasiparticles still remains unclear.

Here we report spectroscopic evidence (from high—field muon spin rotation
measurements) for the formation in UGe; of subnanometer—sized spin polarons whose
dynamics we follow into the paramagnetic and ferromagnetic phases. These spin
polarons behave as heavy carriers and thus may serve as heavy quasiparticles made of
5t electrons; once coherence is established, they form a narrow spin—polaron band
which thus provides a natural reconciliation of itinerant ferromagnetism with
spin—triplet superconductivity and heavy—fermion behaviour.

Within the BCS theory of superconductivity (SC), it became clear long ago
[B1.10] that pairing of electrons in the spin—singlet state is effectively destroyed by an
exchange mechanism arising from strong Coulomb interactions between the valence
electrons. In a ferromagnetically (FM) ordered state, this exchange interaction tends to
align the spins of electrons within a Cooper pair in parallel, thereby effectively
preventing the pairing. Likewise, within the standard heavy—fermion (HF) approach,
the Kondo effect quenches the on—site magnetic moment below the Kondo
temperature (Tx) by spin fluctuations (flips caused by interactions between the
conduction electrons and localized f~electrons of the magnetic ions), thereby
destroying pairs. However, such antagonism can be effectively avoided if the HF
behaviour does not involve Kondo scattering [B1.11, B1.12].

Although these three phenomena — magnetism, superconductivity and

heavy—fermion behaviour — have been considered in the past to be mutually
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antagonistic, the following findings clearly establish their possible coexistence (for a
recent review, see Reference B1.3). A distinctive class of f~electron Ce— or U-based
systems [B1.2, B1.3, B1.13, B1.14] convincingly shows that HF behaviour may
coexist with SC. Most importantly, the SC pairing occurs among the heavy
quasiparticles rather than within a band of light electrons, as was first demonstrated in
CeCu;Si, [B1.15] and uranium HF compounds [B1.16, B1.17]. In these materials, the
scale of the specific-heat anomaly at the superconducting transition temperature Tsc
clearly demonstrates not only a large density of states associated with itinerant
quasiparticles but, more fundamentally, that the SC energy gap opens up within the
band of heavy quasiparticles. Since the strong mass enhancement in HF systems goes
hand—in—hand with a dramatic renormalization of the heavy quasiparticle bandwidth,
the characteristic quasiparticle velocity (Fermi velocity) is reduced by several orders
of magnitude. This circumstance violates the fundamental requirement for
phonon—mediated pairing, specifically that the sound (phonon subsystem) velocity is
much lower than the quasiparticle velocity — the so—called time—delayed
charge—charge interaction [B1.3, B1.18] — which then fails to suppress the direct
Coulomb repulsion, making the phonon coupling mechanism ineffective. This fact
alone indicates that the attractive interaction between the quasiparticles is probably not
provided by the electron—phonon interaction as in ordinary BCS superconductors, but
rather calls for an alternative mechanism which is offered by various spin—fluctuation
models [B1.1, B1.2, B1.8, B1.18 B1.19] of magnetically mediated SC.

Furthermore, in these HF materials SC may coexist and couple with
magnetism. In fact, many f~electron HF systems exhibit SC deep within magnetically
ordered states, suggesting that magnetism may promote rather than destroy the
superconductivity [B1.3]. It is remarkable that in this class of materials the same set of
heavy quasiparticles apparently supports both the magnetism and superconductivity
[B1.13, B1.14]. In particular, both SC and HF behaviour are suppressed in CeCu,Si,
when magnetic Ce’” 4f ") ions are replaced by nonmagnetic La*" (4f°) ions [B1.15].

Coexistence of superconductivity and magnetism thus constitutes a clear distinction
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from other classes of SC magnetic materials [B1.20-B1.23] where fundamentally
different electron subsystems are responsible for the two phenomena.

Although there is a growing consensus that HF f~electron materials do exhibit
unconventional forms of magnetically mediated SC, the majority of systems studied so
far support unconventional spin—singlet pairing mediated by antiferromagnetic (AFM)
fluctuations [B1.3, B1.13—-B1.19], as opposed to ferromagnetic coupling, which is
expected to adopt a spin—triplet configuration. However, an increasing number of
observations in uranium HF compounds clearly demonstrate coexistence of SC and
ferromagnetism. So far, this list includes UGe; [B1.4], URhGe [B1.5], Ulr [B1.6] and
UCoGe [B1.7]. In all of these materials, the SC state is detected within the FM
ordered state, at either ambient or elevated pressures.

In the theory of magnetically mediated superconductivity, it is important that
the ferromagnetism itself is of itinerant character, similar to that in the canonical
d—electron ferromagnets Fe, Co or Ni. In the majority of the HF compounds, the 5/
orbitals are more localized, due to dominance of the strong intra—atomic Coulomb
repulsion energy over corresponding bandwidths. However, in this group of
compounds the 5f electrons seem to exhibit rather itinerant behaviour as a result of
hybridization (mixing) with conduction band states [B1.4, B1.24, B1.25]. This point
requires somewhat deeper consideration.

Conventionally, electrons in solids are classified as either itinerant or localized.
In strongly correlated electron systems, specifically HF systems, such a clear
distinction is often obscured, since signatures of both pictures appear [B1.13, B1.14].
Here the strong Coulomb repulsion suppresses charge fluctuations at each site, leaving
only spin and orbital degrees of freedom of localized states. These localized states
interact with conduction electrons, and thereby affect one another. Heavy fermions are
typically described by the Anderson—Kondo lattice models of coupled itinerant and
localized electrons originating from different orbitals, in particular using a two—fluid
description [B1.26]. The possibility that the same electrons might simultaneously

exhibit both localized and itinerant characteristics due to strong Coulomb interactions
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has developed into a duality problem [B1.27] which, in fact, speaks to the heart of the
debate concerning the nature of f'electrons in condensed matter systems — are they
localized, itinerant or of a dual nature (partially localized and partially itinerant)? In
U- and Pu-based HF materials, a segregation has been proposed in which some of the
5felectrons are localized while the rest are itinerant. It has been suggested that two of
uranium’s three 5f electrons are localized close to the ionic core to produce AFM
order, while the remaining felectron is delocalized to ensure SC in UPt; [B1.28] and
UPd,Al;[B1.29, B1.30]. Similarly, four of the five plutonium f'electrons are suggested
to be localized and one to be itinerant in order to account for both magnetism and SC
in PuCoGas [B1.31]. Although such a duality model offers a transparent mechanism
for producing quasiparticle mass enhancement — the exchange interaction between
the itinerant and localized f electrons — it fails to receive support from de Haas van
Alphen (dHvVA) experiments [B1.32]. Moreover, the huge amount of condensation
entropy (on the order of the spin entropy) released at the SC transition clearly
indicates that spins of a// local moments participate in the formation of the SC order
parameter [B1.16]. In general, it is hard to find an explanation within the existing
duality models of how competition between intra—atomic Coulomb interactions and
anisotropic hybridization of f electrons (both on the order of eV) can differentiate
between indistinguishable intra—atomic electrons and result in a ground state of
coexisting magnetism and SC which is controlled by f electrons on an energy scale of
1 meV [B1.33]. The situation is even more confusing if a single f electron, such as in
cerium, were to display localized and itinerant character simultaneously, as is required
within the duality model(s) in, for instance, CeCu,Si,; [B1.15], Celrlns [B1.33] and
other Ce—based HF superconductors, to account for coexisting magnetism and SC. The
electronic duality proposed for many different HF systems exhibiting simultaneous SC
and magnetism would require the same f—electron to display both localized and
itinerant nature simultaneously. This fundamental problem requires a new conceptual
framework in which an appropriate description of strong electronic correlations with

theoretical access to low energy scales must be a key ingredient [B1.33].
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Here we propose a specific concept that may supply the necessary requirement
of simultaneously itinerant and localized electrons: formation of a spin—polaron band
in which quasiparticle excitations of a low energy scale (several meV) around the
Fermi energy (EF) are responsible for HF behaviour, SC and magnetism.

The 5f electron duality problem is still debated in UGe,, which is proposed to
be viewed as a two—subset electronic system, where some of the 5f electrons are
localized and responsible for the ferromagnetic moment and huge magnetocrystalline
anisotropy, while the remaining 5f electrons are itinerant and responsible for
unconventional SC [B1.34]. The nearest distance between U atoms in UGe,, 0.39 nm,
far exceeds the Hill limit, so without hybridizing with conduction electrons, the 5f
electrons will be localized [B1.3, B1.35]. The Curie—Weiss—like temperature
dependence of the susceptibility, the strong anisotropy, the large orbital moment of the
U atom, the lack of induced magnetization at Ge sites and several other features [B1.3,
B1.35, B1.36] all indicate a local character of 5/ electrons in UGe,. On the other hand,
there is strong experimental evidence for their itinerant nature. In particular, UGe,
exhibits rather good agreement between specific heat [B1.35, B1.37] and de Haas van
Alphen [B1.38-B1.40] results, which both attest to the itinerant character of the heavy
quasiparticles; these data yield an effective mass m*~10-25m at ambient pressure (m
is the free electron mass), similar to m* in the itinerant—electron 3d ferromagnet MnSi.
Furthermore, itinerant behaviour of the 5f electrons in UGe; is suggested by
Hall—effect [B1.41] and muon spin relaxation [B1.42] measurements and is also
frequently discussed for other uranium HF compounds [B1.28, B1.43]. The band
picture is also consistent with spontaneous magnetization with non—integer Bohr
magneton (ug) values per atom — 1.48up in UGe; [B1.4, B1.35], 0.42up in URhGe
[B1.5], 0.5up in Ulr [B1.6] and 0.03up in UCoGe [B1.7] — which is significantly
smaller than the Curie—Weiss moment (2.7 ug/ion in UGe; [B1.35]) detected in the
paramagnetic state above 7¢yrie — again similar to 3d band magnetism in MnSi

[B1.44].
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The magnetism in itinerant FM systems originates from exchange splitting of
the band states rather than from strongly localized electrons. The mass enhancement
comes from an extreme renormalization of band widths (A) — from Ay~1-10 eV,
typical of conventional metals, to renormalized A~0.001- 0.01 eV in the canonical HF
systems in which the f~electron degrees of freedom are typically modeled as
hybridized with conduction band states to yield heavy itinerant quasiparticles that
form extremely narrow spin—split bands in the vicinity of the Fermi surface [B1.24]. In
the FM state, within such a spin—polarized band the heavy quasiparticles would have
difficulty forming ordinary spin—singlet Cooper pairs but may instead select
unconventional configurations [B1.4, B1.35] that involve non—zero spin and angular
momentum states analogous to those in *He, in which a spin—fluctuation mechanism is
responsible for the formation of spin—triplet pairs [B1.1]. Thus we arrive at a familiar
picture of a band of delocalized states, albeit rather heavy, that would be responsible
for FM and SC. However, the nature of this band and the nature of said delocalized
states (heavy quasiparticles) both have yet to be determined.

The standard theory for the formation of the extremely narrow high mass
bands characteristic of heavy fermion metals, such as UGe,, starts from a set of
strongly localized f~electrons. The appearance of a new (low) energy scale in this
approach results from hybridization with the delocalized conduction states and strong
correlations within the f~shells. A different approach, that we wish to develop here,
starts with a delocalized band carrier whose transport depends upon the strength of its
coupling with excitations of the medium. This is similar to the case of a lattice polaron
[B1.45] (LP), where in the limit of strong coupling an electron accompanied by lattice
modes (displacements of ions) forms a quasiparticle in which a local distortion of the
crystal structure follows the charge carrier adiabatically and whose bandwidth App is
reduced by up to 4 orders of magnitude relative to that of ordinary electrons in
conventional metals [B1.46]. At low temperature, as long as the polaron is still much
lighter than the atoms composing the medium, the charge is then delocalized within

the LP band [B1.47, B1.48]. A remarkable collapse of Arp at higher temperature marks
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a crossover from coherent band dynamics to incoherent hopping of localized states,
analogous to the so—called “dynamic destruction of the band” [B1.49, B1.50] for the
tunneling dynamics of heavy particles, such as protons, isotopic defects, or muons and
muonium [B1.51]. In close analogy, the exchange interaction (J) between a free carrier
and local spins can cause electron localization into a FM “droplet” on the scale of the
lattice spacing in a paramagnetic (PM) or AFM “sea” [B1.47]. This charge carrier,
accompanied by reorientations of local spins, forms a spin polaron [B1.46, B1.47,
B1.52] (SP) — a “giant spin molecule” [B1.53] — with a large composite spin (S). As
in the case of the LP, formation of a SP profoundly renormalizes the “bare electron”
band into an extremely narrow (Asp~ 0.001-0.1eV) spin—polaron band, which will
favour coherent SP band dynamics at low temperature as long as spin fluctuations are
suppressed [B1.46, B1.47].

Within this conceptual framework the composite quasiparticle (spin polaron)
consists of the light, initially delocalized bare carrier (say, an s— or p—electron) from
the initially non—renormalized band (A,) which undergoes localization within the SP,
and a set of local f~spins confined within the scale of the electron’s wavefunction.
Such a composite quasiparticle is free to propagate within the renormalized, though
coherent, SP band (Asp) via coherent reorientations of local /~spins [B1.47] in
essentially the same way as another composite quasiparticle — the famous Landau
lattice polaron [B1.45] (a bare electron plus lattice displacements or phonons). Once
coherence among such spin polarons is established within the SP band, a remarkable
result is that heavy f~like quasiparticles (SP) become part of the Fermi surface. We
specifically note that within this framework the heavy quasiparticle is not an
Jf—electron but the composite quasiparticle, a SP, formed as a result of s(p)—f
interaction.

Regardless of these heavy quasiparticles’ origin, an issue of a fundamental
importance is that, being part of the Fermi surface, they should obey the principles of
the Landau Fermi liquid — in particular, the counting rule or Luttinger’s theorem

[B1.54], which states that, in non—interacting electron band theory, the volume of the
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Fermi surface (Vgs) counts the number of conduction electrons (7). For interacting
systems, this rule changes [B1.55-B1.57] to manifest a remarkable result that the local
spin states (7spins) are also included into the sum: 2Vps/(27t)3 = NetNgpins. Therefore,
even though f~electrons are localized as magnetic moments at high temperature, they
contribute to the Fermi surface volume in the heavy Fermi liquid [B1.57]. This
fundamental point of the heavy fermion physics is often discussed in terms of the
transformation from a “small” Fermi surface containing only conduction electrons to a
“large” Fermi surface which includes both conduction electrons and local spins
[B1.56, B1.57]. Related issues arise in the context of a quantum critical point
separating the heavy—fermion paramagnet from the local moment magnet, at which
point the Fermi surface contracts from a large to a small volume [B1.56, B1.57]. We
argue that formation of a spin—polaron band may not only give a natural description of
how f=spins, being local moments, nevertheless acquire itinerancy (the duality
problem), but may also pave a way to understanding of how Luttinger’s theorem
works in strongly correlated materials. Such an approach finds its experimental
confirmation in quantum oscillatory studies, Hall measurements or optical
experiments, all of which indicate that the Fermi surface reconstructs to include
f—spins at low temperature or contracts when composite quasiparticles disintegrate at a
quantum critical point [B1.57].

In 5/ UGe,, formation of an extremely narrow spin—polaron band might be
expected to occur in a manner very similar to the SP band formation in 4f systems
[B1.46], since the p(d)—f exchange constant in UGe; is rather large (J = 0.44 eV)
[B1.25], comparable to that found in the 4/ Eu and Sm chalcogenides [B1.46] where J
~ (.5 eV. Dramatic renormalization of such a SP band is expected to be associated
with a change in the coherence properties and will go hand—in—hand with a significant
increase of the electron effective mass, which might allow for the application of
general concepts developed for the coherent—to—incoherent crossover of the heavy
particle tunnelling dynamics [B1.49, B1.51]. For such particles, one encounters

different behaviour in metals and insulators due to the essentially different spectral
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properties of the environments: incoherent dynamics take over at high temperature
(ksT >> Agp) in insulators while suppression of the coherence in a metal is expected at
temperatures as low as kg7~Agp [B1.49, B1.51]. Thus at high temperature, the SP
dynamics are characterized by incoherent hopping (diffusive) transport and the band
picture, with its Bloch states, breaks down. However, in the low—temperature limit, the
band picture manifests itself in coherent transport of heavy quasiparticles — the spin
polarons. Such thermal destruction of spin—polaron bands has recently been reported
in correlated 3d—electron semiconductors [B1.58] and 5d—electron metallic host
[B1.59]. Thus, a description involving SP allows one to arrive at results qualitatively
similar to those produced by the standard approach to heavy fermion systems, albeit
without the involvement of Kondo screening.

Here we present spectroscopic evidence, obtained by positive muon spin
rotation (4 SR), for spin polarons in UGe,, confined within R = 0.25(1) nm, with a
high spin of S =4.3 £ 0.3. At low temperature, SP tend to form a narrow spin—polaron
band in the vicinity of EF, profoundly modifying the magnetic, transport, optical and
thermodynamic properties of the host.

To develop a physical picture we consider a charge carrier (electron which has
a strong exchange interaction (J) with surrounding magnetic ions [B1.52, B1.53]. In a
magnetic system, the electron’s energy depends strongly on the magnetization, with
the minimum energy achieved by FM ordering [B1.46]. As long as the direct coupling
between ions is comparatively weak, the indirect coupling of magnetic ions mediated
by this shared electron can cause local FM ordering accompanied by strong electron
localization [B1.46, B1.47, B1.52, B1.53, B1.60]. Such localization inevitably
involves a significant increase of the electron's kinetic energy — which can, however,
be compensated by the corresponding energy reduction associated with the local FM
ordering of the ions mediated by the aforementioned electron. Thus, the increase of
electron kinetic energy, due to confinement, may be compensated by the difference in
exchange energy between the final locally saturated FM region and the initial

paramagnetic, AFM or even non—saturated FM state. Therefore, the electron tends to
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establish and support this local ordering, thereby forming a FM “droplet” over the
extent of its wave function (typically on the order of the lattice spacing, a) [B1.46,
B1.47, B1.52 B1.53]. This charge carrier, accompanied by reorientations of local spins
to form its immediate FM environment, together behave as a single quasiparticle — a
spin polaron — with a composite spin (S) [B1.46, B1.47, B1.60]. In magnetic
semiconductors (MS), in the process of electron localization at a donor impurity (an
implanted muon in our case), the discussed increase in the kinetic energy, assisted by
the entropy change (AS) due to ordering within the SP, is compensated by the
combined efforts of the exchange interaction and the Coulomb interaction with the
corresponding donor. The net change in the free energy

=%—]£—z—;+ms (B1.1)

has a minimum as a function of R, which represents the radius of electron confinement

AF

(or equivalently, the extent of its wavefunction). AF decreases with decreasing R until
R << a, at which point the electron wavefunction no longer overlaps even the nearest
ions, and the exchange term vanishes [B1.46]. The exchange energy [second term in
equation (B1.1)] is optimized by maximizing the SP electron’s net overlap with the
f=shells of nearby ions. The Coulomb interaction [third term in equation (B1.1)],
important in MS [B1.58, B1.60-B1.65], is effectively screened in metals [B1.59,
B1.66]. Once the Coulomb interaction can be neglected, one immediately arrives at
the initial idea of de Gennes on carrier confinement within free delocalized SP
[B1.52]. In UGe,, the high electron concentration (~10*cm ) [B1.41] ensures that the
screening length of the Coulomb term is much smaller than R. At low temperature, the
entropy term 7S is also small. Each of the remaining two terms in equation (B1.1),
namely the electron’s kinetic energy and the exchange energy, is on the order of an eV
and not only far exceeds any other energy scale in the problem but also reduces the
length scale for electron confinement to within less than one unit cell [B1.59, B1.66].
Thus far, extensive studies of the formation and dynamics of spin polarons in
magnetic semiconductors, magnetoresistive perovskites and related compounds

[B1.46, B1.61 B1.67] have been restricted to a quite narrow temperature range close to
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a magnetic phase transition (large polaron region). Different macroscopic techniques
(e.g., SQUID magnetometry or magnetotransport) are spatially averaged, providing
little information on possible spatial inhomogeneities. The spatial resolution of
magneto—optical measurements [B1.68], photoluminescence [B1.69] or soft X-ray
magnetic circular dichroism [B1.70] is severely restricted by wavelengths on the order
of 10 nm. Studies of spin polarons in MS by microscopic techniques like NMR
[B1.71] or Raman scattering [B1.72] are restricted to the close vicinity of a transition
by limitations in their sensitivity that makes it essentially impossible to detect a spin
polaron as it shrinks towards the sub—nm scale. Although the significantly better
spatial resolution of the small-angle neutron scattering technique made it possible to
detect spin polarons of about 1.2 nm size in magnetoresistive perovskites just above
the transition temperature, this technique is still limited to a narrow temperature range
by the neutron wavelength of about 0.5 nm, which made it impossible to detect
smaller spin polarons [B1.73]. In general, the limited sensitivity and/or spatial
resolution of many different techniques precludes detection of a SP of subnanometer
size.

Here the unique sensitivity of polarized positive muons as a local magnetic
probe makes muon spin rotation and relaxation (x SR) [B1.74-B1.76] ideally suited
for mapping the magnetic state on the atomic (sub—nm) scale. As the spin polaron
expands toward a 10 nm scale, this sensitivity advantage is lost, making x4 SR
complementary to a variety of other techniques mentioned above. This approach has
already been applied to studies of SP in different materials ranging from insulators
(including AFM [B1.77]) to itinerant ferromagnets [B1.66] analogous to earlier studies
of nonmagnetic semiconductors [B1.78], which revealed the details of electron capture
to form the muonium (Mu = x"¢") atom (a light analogue of the H atom)
[B1.79-B1.82]. Assorted SP have recently been detected in 4f and 3d magnetic
semiconductors [B1.58, B1.60, B1.62—-B1.65, B1.83], in the 54 and 3d correlated
metals [B1.59, B1.66] and in a quasi—1D AFM insulator [B1.77] via u"SR

spectroscopy.
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Single crystals of UGe; for the current studies were grown by the Czochralski
technique under purified Ar atmosphere with a water—cooled crucible and
radio—frequency heating. Single crystals were oriented using a white beam X-ray
backscattering Laue method, sparkcut and etched to remove the oxidised surface. The
electrical resistivity was measured by the conventional four—probe method between
1.8 and 300 K in zero magnetic field. Small crystals cut off the single crystals used in
,LL+SR experiments showed a residual resistivity ratio RRR=62 and 7= 52.6 K.

Time—differential u SR experiments, using 100% spin—polarized positive
muons implanted into these samples, were carried out on the M15 surface muon
channel at TRIUMF using the HiTime spectrometer. At high temperature, Fourier
transforms of the u "SR time spectra in a magnetic field (B) transverse to the initial
muon spin polarization direction and parallel to the easy magnetization direction (a
axis) of the single crystal of UGe; exhibit a single peak at the muon frequency
Vi =v.B/2n (where y, /2n = 135.53879 MHz/T is the muon gyromagnetic ratio).
However, below 7= 100 K the "SR spectra change abruptly to reveal two peaks
(Figure B1.1) — a characteristic SP doublet similar to that in another itinerant FM
system, MnSi [B1.66]. The evolution of SP signals with temperature is presented in
Figure B1.2. These two peaks are also shifted to lower frequencies (although to a
lesser amount than in MnSi) relative to the single peak (not shown in Figure B1.1)
detected in a reference sample (CaCOs3), which occurs at the bare muon frequency.
The smaller shift detected in UGe, is consistent with its lower magnetization
compared to that in MnSi, and similar to the corresponding shifts in magnetic
semiconductors, which empirically scale with the magnetization [B1.60, B1.62].
Utilizing the same experimental setup as used for measurements with MnSi [B1.66]
ensured that there is essentially no background in our UGe; signals — the muons that
miss the sample and stop in CaCOj are detected in a different combination of counters
and routed to independent histograms which form the reference signal. This reference
frequency does not depend on temperature, since CaCOj; is nonmagnetic, and therefore

provides an independent monitor of the applied magnetic field.
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There are, however, several important differences in the Fourier spectra
observed in MnSi and UGe,. First, in MnSi the characteristic two—frequency spectra
persist up to room temperature, whereas the doublet pattern is detected only below
about 100 K in UGe,. Second, the amplitudes of the two lines are temperature
independent and almost equal in MnSi over the entire temperature range, whereas in
UGe, they exhibit a remarkable temperature dependence: they are temperature
independent below about 80 K, but between 80 K and 100 K the "SR doublet spectra
exhibit a strong temperature dependence with increasingly different amplitudes of the
two lines (Figure B1.3). We discuss these two essential points below.

Observation of two peaks in the Fourier spectra prompted the authors of Ref.
B1.84 to suggest two magnetically inequivalent sites occupied by the positive muon in
UGe;. Although such an approach constitutes the conventional assignment of multiple
signals in a magnetically ordered state, fast spin fluctuations make this interpretation
irrelevant in the paramagnetic phase [B1.59, B1.60, B1.62—B1.66], while possible
Knight shifts from the conduction electrons are typically at least 2—3 orders of
magnitude smaller than the characteristic splittings detected in this experiment
[B1.74]. Moreover, the two peaks do not follow the temperature dependence of the
magnetization, which clearly indicates that the muon does not stay “bare” and act as
local magnetometer. Instead, while one peak goes up in frequency the other goes down
as temperature varies (Figure B1.4) — the fingerprint of a muon—electron bound state
[B1.75]. Furthermore, a qualitative change in the amplitude ratios within the doublet
(Figure B1.2 and Figure B1.3) is obviously incompatible with the two—site
interpretation, which assumes a constant muon site occupation ratio. Finally, in the
PM state the Knight shifts are expected to be linear with magnetic field, which
contradicts the experiment (Figure B1.5). This line of argumentation is similar to that
presented for another HF superconductor, UBe;3, which also exhibits SP [B1.85].

Instead, we argue that the two lines shown in Figure B1.1 and Figure B1.2
constitute the characteristic signature of a coupled muon—electron spin system in high

magnetic field [B1.59, B1.60, B1.62-B1.66, B1.74, B1.75, B1.78, B1.86]. The
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solution of the Breit—Rabi Hamiltonian which governs a muon—electron spin system
yields 4 eigenvalues (due to 4 possible combinations of spins) corresponding to 4
energy levels with different allowed transitions [B1.78]. In high magnetic field, the
two allowed transitions correspond to the two allowed muon spin—flip transitions
between states with fixed electron spin orientation; the frequency splitting between
these two transitions is determined by the muon—electron hyperfine interaction A4
[B1.74, B1.75, B1.78]. Moreover, we argue that the observed bound state is a spin
polaron. In a PM or metallic (or both) environment, the strong pair exchange
interaction of the bound electron with itinerant spins (spin exchange [B1.74, B1.78])
would result in rapid spin fluctuations of this electron, averaging the hyperfine
interaction to zero — which, in turn, would result in a collapse of the doublet into a
single line at v, (see Ref. B1.86 for details), if the local FM ordering mediated by this
electron did not hold the electron's spin orientation “locked” [B1.59, B1.60, B1.62—
B1.66, B1.85, B1.86]. In metals, however, even the protective local FM environment
of'a SP does not ensure observation of the doublet unless the SP spin (S) is decoupled
from its magnetic environment [B1.59, B1.66, B1.86]. Such decoupling is possible in
high B when the Zeeman energy of S exceeds an exchange interaction (/) between
local spins [B1.60, B1.85]. This is the case in magnetic insulators where the SP
doublet is detected up to very high temperature [B1.60, B1.62— B1.65]. In metals,
RKKY interactions make / much stronger, so that decoupling would require a very
high magnetic field [B1.85] that is inaccessible in the current experiment. In UGe,,
above about 100 K, spin exchange with the magnetic environment effectively averages
the muon—electron hyperfine interaction, causing the collapse of the doublet into a
single peak, as observed, discussed and presented here in Figure B1.2 and Figure
B1.4.

Such a collapse by no means signifies that the SP does not form in UGe, above
100 K; we just do not see its fingerprint, which is a characteristic doublet [B1.85,
B1.86]. The abrupt appearance of a SP doublet below about 100 K is possible due to

another effective decoupling mechanism — the opening of a spin gap due to crystal
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field splitting of the U ion’s spin excitation, characteristic of U compounds [B1.34].
Crystal field splitting eliminates low—lying spin excitation from the spectrum, making
spin exchange of the SP spin (S) with its magnetic environment rather ineffective. A
detailed evaluation of the crystal field splitting shows a spin gap of about 120 K
between the almost degenerate ground state and the first excited state [B1.34]. This
circumstance makes it possible to detect the characteristic SP doublet below about 100
K in UGe;, much like that in another heavy—fermion compound, UBe3, that exhibits a
spin gap of about 180 K [B1.85]. Likewise, optical conductivity exhibits a dramatic
reduction of the spin scattering rate below the characteristic energy of about 120 K
[B1.87]. By contrast, very strong crystal field splitting, characteristic of 3d systems,
effectively prevents spin exchange in MnSi, enabling detection of the SP doublet all
the way up to room temperature [B1.66] in that 3d—electron counterpart of UGe,. A
spin gap opening in the U ion spin excitation spectrum, although a necessary
condition, does not prevent spin exchange between SP and conduction electrons,
which would cause the doublet to collapse. However, the dominance of the orbital
moment of U ions in UGe, [B1.88] makes spin exchange with conduction electrons
(which have zero orbital moment) again rather ineffective due to the orbital moment
conservation law. Thus, the conditions for observation of SP in a metallic or PM (or
both) environment are rather specific: one must eliminate any possible spin exchange
mechanism in order to prevent the muon—electron hyperfine coupling from averaging
to zero. However, the mere observation of the characteristic doublet in the x SR
spectra of a metal constitutes strong evidence for SP formation [B1.59, B1.66, B1.86].
The evolution of the two signals within the doublet as a function of temperature
(Figure B1.2 and Figure B1.4) and magnetic field (Figure B1.5) is consistent with that
of the muon—electron bound state when the electron spin is locked to the SP spin,
providing strong support for this picture.

Temperature and magnetic field dependencies of the SP signal frequency
splitting (within the doublet), Av, provide information on the characteristic size (the

localization radius, R, for the electron confinement) through the hyperfine coupling
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(4) and determine the composite spin (S) of the SP [B1.60, B1.86]. Within a mean
field approximation [B1.89], Av is proportional to a Brillouin function. For
g up B <<kgT, Av is a linear function of both B and 1/(7-T;) [B1.60, B1.86]

gugB

fv=4 [3kB(T T

] S+1) (B1.2)

where kg is Boltzmann’s constant and 7t is the Curie temperature of UGe,. At low T
and high B, however, equation (B1.2) is no longer valid, as the composite spin () is
fully polarized. Therefore, in a magnetic field high enough that the muon Zeeman
energy exceeds the hyperfine coupling, Av saturates at the value of 4 [B1.60, B1.74,
B1.75, B1.78]. In UGe,, the splitting (Av) saturates as a function of both inverse
temperature (in a magnetic field H =1 T) and H (at 7= 5 K) at the same value,
A =41+2 MHz (see Figure B1.5).

For our model of a SP captured by a muon, the SP electronic wave function is
an extended hydrogen or muonium (Mu) atom 1s function, for which the value of 4
scales as Ay,c (aO/R)3, where R is the characteristic Bohr radius (radius of the electron
confinement) and A4y, = 4463 MHz is the hyperfine frequency of Mu in vacuum (for
which R = ap = 0.0531 nm — the Bohr radius of Mu in vacuum) [B1.75]. In UGe; at
low temperature, the hyperfine coupling in the SP is about 100 times less than that for
Mu in vacuum, implying that the radius of the electron confinement is R = 0.25(1) nm.
This is consistent with the muon being centred between two U atoms (x=0.5, y=0.5,
z=0.5) giving a muon—U distance of 0.214 nm. As the f~orbital radius is 0.0527 nm,
this muon position ensures the maximum overlap of the SP electron with U
f~wavefunctions, resulting in a SP composed of one SP electron and the two nearest U
ions. We can estimate the composite spin (S) for this SP. The magnetic moment for
such a SP is determined by 2 fully polarized U ions, each having uy = 2.7u5[B1.4],
minus the SP electron’s 1us;, since the SP electron spin is antiparallel to the composite
SP spin at high temperature (see below). Meanwhile, ugp = 2uy— 1us= gt [S(S+1)]%°.
From this relation, and accounting for the dominance of the orbital moment in UGe,

(which causes g = 0.8) [B1.88], we find S = 5. On the other hand, fitting equation
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(B1.2) to the # SR data in Figure B1.5 using 4 = 41+2 MHz and g = 0.8 yields
§=4.33)and T, = 52(1) K, consistent with our estimate of S from the SP radius and
Tcurie of our sample, respectively. At low temperature, the SP electron’s spin flips to be
parallel to the composite SP spin, causing the SP spin to increase to S = 6. For
comparison, the SP detected in MnSi gives 4 = 12+1 MHz and R = 0.4 nm,
corresponding to a rather large SP confinement radius within one unit cell of MnSi
[B1.66]. On the other hand, the size of the SP found in UGe; is, in fact, the same as
that in UBe;; [B1.86], while in the 5d correlated metal Cd,Re,O7 at low temperature
the SP contracts to a rather compact 0.15 nm [B1.59]. Apparently, in the orthorhombic
structure of UGe, the SP prefers to localize within a uranium pair in order to maximize
the gain in the exchange energy, which is necessary to ensure its localization.
Although the possibility of SP formation in AFM and PM states has long been
anticipated [B1.46— B1.48, B1.52, B1.53] and experimentally established [B1.58—
B1.73, B1.77, B1.85, B1.86] in a great variety of materials by many different
techniques, its existence would seem to be incompatible with the FM state. The
exchange contribution to SP stabilization amounts to the difference between the PM
disorder (or AFM order) of the host and the FM order within the SP; in a fully
saturated FM state the exchange contribution to the localization would be negligible,
as the lattice spins are already aligned. Such an increased alignment prevents SP
formation in the FM state, as well as when a sufficiently high magnetic field is applied
in the PM state in Heisenberg ferromagnets [B1.60, B1.62, B1.63], where FM
originates from localized electrons. In itinerant—electron ferromagnets, however, local
spins are far from being saturated in the FM state, as evidenced by the rather low
effective magnetic moments in UGe, [B1.4, B1.35], URhGe [B1.5], Ulr [B1.6] and
UCoGe [B1.7], as well as that in MnSi [B1.66]. Therefore, electron localization into a
SP that completes the spin alignment within the fully saturated SP core region is
clearly possible within an itinerant—electron FM ordered phase [B1.66]. Specifically,

in UGe; the U atom spin saturation increases from its low temperature value
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uu=1.5uz to the fully polarized value uy = 2.7ug, making a huge difference in the
exchange energy and ensuring electron localization via SP formation.

The exchange interaction governs spin polaron formation and dynamics in
UGe,, since the Coulomb interaction is effectively screened [see Equation (B1.1)].
Therefore the role of the muon, which may be important for SP formation in MS
[B1.60, B1.62— B1.65] and insulators [B1.77], is reduced to that of an “innocent
bystander” microscopic magnetic probe in metals. We argue that once the host lattice
is populated by free SP, one of them is captured by the muon, as in Cd,Re,O7 [B1.59],
MnSi [B1.66] and UBe;3 [B1.85], to reveal the fingerprint of a bound muon—electron
state — the characteristic SP doublet.

In UGe;, the dynamics of such SP clearly shows a qualitative change around
80 K. At high temperature, the asymmetric doublet shape (Figure B1.2, right panel)
indicates the nearly static character of the SP. The spectral weights (populations) of
the spin—up and spin—down states, being determined by a thermal (Boltzmann)
distribution, should be almost equal as the Zeeman splitting uspH << kgT, which is
apparently not the case (Figure B1.3). The temperature fails to equilibrate the
amplitudes (populations) of the spin—up and spin—down states because the composite
SP spin (S) is strongly decoupled from the magnetic environment. This decoupling
occurs because spin exchange with both local spins and conduction electrons is rather
ineffective, making it possible to detect the characteristic SP doublet in the first place
(see discussion above). The difference in population of the two spin states is due to
one of them being parallel to the magnetic field, resulting in a long—lived eigenstate,
while the other state (antiparallel to the field) is short—lived or unpopulated [B1.59].
The temperature dependence of the corresponding line widths (relaxation rates) clearly
reflects this difference: at high temperature the line width of the stable eigenstate
(higher frequency line) is much less than that of the other state (Figure B1.2 and
Figure B1.6). Similar asymmetric distributions of the spectral weight between the two
lines of the SP doublet are detected in magnetic semiconductors and insulators where

the SP is found to be static [B1.60, B1.62— B1.64, B1.77].
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A remarkable crossover occurs at about 80 K, where not only do the line
widths become equal (Figure B1.6), but also the spectral weights (corresponding state
populations) of the two lines within the doublet effectively equilibrate (Figure B1.3),
clearly indicating the onset of the effective spin—exchange mechanism within the SP
system, as other spin—exchange channels are rather ineffective (see above). This marks
a crossover from the static SP to itinerant spin polaron behaviour. At high temperature,
the characteristic length (in Angstroms) of the ferromagnetic fluctuations determined
from neutron measurements [B1.90], &y = 3.45/(T/Tc — 1)"2, is much less than the SP
size, 2R, which causes strong SP localization due to the significant energy shift of the
nearest equivalent SP positions within the lattice (so—called “static destruction of the
band” [B1.49, B1.51]). At lower temperature, once Epy exceeds the SP size, energy
levels equilibrate within the length scale of gy, which causes SP delocalization. A
simple estimate shows that gy becomes equal to 2R at 77 K, which agrees well with
the experiment. Thus, a crossover at about 80 K (Figure B1.2, Figure B1.3 and Figure
B1.6 ) marks a fundamental change from localized to itinerant SP behaviour in UGe;.
A similar crossover in SP dynamics is found in correlated metallic Cd,Re,07, in which
the classical Boltzmann distribution of the spectral weights breaks down to leave a
uniform distribution within a narrow SP band [B1.59]. In UGe,, the small difference
in amplitudes below 80 K (Figure B1.3, also found in Ref. B1.84) is due to the
difference in Zeeman energy between the spin—up and spin—down states in the
ferromagnetic environment. What is more fundamental is that the amplitudes or
spectral weights of both lines are temperature independent below about 80 K (Figure
B1.3), which clearly indicates temperature independent populations of the spin—up and
spin—down states — which in turn is inconsistent with a localized SP but rather
signifies its itinerant nature. Thus, our model suggests that the SP, captured by the
muon, stays localized and is protected from spin exchange above 80 K; however,
below 80 K it remains localized but undergoes active spin exchange with free itinerant
SP. The increased length scale of the FM fluctuations ensures the remarkable

itinerancy of the SP.
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Another remarkable feature which accompanies the onset of the SP itinerancy
at 80 K is that the majority of the spin states at high temperature (red circles in Figure
B1.3) becomes a minority of spin states at low temperature (with the corresponding
changeover of the black squares, Figure B1.3). The distribution of the spin states is
controlled by the Hund’s rule, which ensures that the SP electron’s spin (s) in UGe;
will be parallel to electron spins of the unfilled 5/ orbital, similar to that in unfilled 3d
orbital in MnSi [B1.66] or CdCr,Se4 [B1.64] and in marked contrast to completely
filled 4f orbital in Eu—based materials [B1.60, B1.63] (see Ref. B1.64 for a discussion
on the Hund's rule control of the spin states within the SP). In UGe,, the orbital
magnetic moment of the U ion is twice as large as, and antiparallel to, that of the U ion
spin [B1.88], so that the SP electron spin (s) in the majority spin state finds itself to be
opposite to the aggregate spin () of the SP at high temperature. The remarkable
crossover at 80 K indicates that the majority of spin states prefer the orientation of the
SP electron spin (s) to be parallel to S at low temperature. As the SP electron spin (s)
couples to spin moments of U ions, and not to their orbital moments, this parallel
orientation reveals the departure from Hund's rule, with a corresponding increase of
the Hund energy. Such an increase is very unlikely unless it is compensated by a
decrease of some other energy by at least as much. The compensation comes from the
significant decrease in the kinetic energy of the SP in the process of its delocalization,
which presents another indication of the SP itinerancy below 80 K. A crossover from
the antiparallel orientation of s (with respect to .S) to a parallel orientation within the
SP, occurs for the fundamental reason of greatly reducing spin scattering, allowing for
much higher SP mobility within the local FM environment and hence, within the FM
fluctuations — which occurs once the size of the fluctuations exceed the SP size at
lower temperature.

Thus, at high temperature the majority of the localized SP states have their
electron spin (s) antiparallel to their aggregate spin (.5) which is dominated by the
orbital moments of U ions. Quite in contrast, at low temperature the majority of SP

states are itinerant SP with their spin § still dominated by the orbital moments of U
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ions but their electron spin (s) parallel to S. A significant consequence of the crossover
at 80 K is that at low temperature, magnetic moments of itinerant SP are parallel to
those of U ions, once the latter order along the a—axis below 7., which suppresses
spin—flip scattering events, providing greater SP mobility.

However, the remarkable itinerancy acquired by SP below 80 K does not mean
they form a band at 80 K. Instead, spin polaron transport in UGe; just below 80 K is
determined by hopping (diffusive) dynamics similar to the hopping dynamics of muon
or Mu states in the regime dominated by “static destruction of the band” when
dynamic fluctuations of the environment (phonons in the case of Mu) makes such
hopping dynamics possible [B1.49, B1.51, B1.91, B1.92]. The latter regime is
characterized by spatially inhomogeneous tunneling dynamics when the small size of
the particle bandwidth compared to all other energy parameters of the crystal
(specifically, the typical difference between energy levels at adjacent tunneling sites)
restricts particle tunneling dynamics to undisturbed regions and causes strong
localization outside such regions. Likewise below 80 K, spin polarons in UGe; acquire
itinerancy in a restricted space within the size of the FM fluctuation (§pv) once
Erm > 2R (see above). At lower temperature, where Epy exceeds the average distance
between SP, polarons are no longer isolated but rather experience strong inelastic
mutual spin—flip scattering, which again disables their coherent dynamics.

Evidence for the appearance at low temperature of spin—polarized itinerant
carriers with magnetic moments of about 0.02ug per U atom is present in several
experiments on UGe,, including measurements of magnetic entropy [B1.34], muon
spin relaxation in zero magnetic field [B1.42], neutron measurements and magnetic
susceptibility [B1.93]. Optical studies [B1.87] indicate a suppression of spin—flip
scattering below 7 with a significant increase of itinerant carrier effective mass to
about 25my. All of these facts indicate the formation of a spin—polarized band
composed of heavy carriers at low temperature in UGe,. We argue that this band is a
SP band. Such a SP band will form near 7, when FM fluctuations extend over the

entire crystal and SP become completely delocalized. However, mutual spin—flip
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scattering between SP, depending on the SP size and aggregate spin, makes their
dynamics incoherent.

In fact, coherent SP transport is only possible in a spin—polarized band where
spin—flip scattering is suppressed due to the absence of SP with the opposite spin state.
In a FM state, such coherent transport of SP becomes possible due to splitting of the
majority and minority spin subbands. This splitting may be viewed as Zeeman
splitting due to spontaneous magnetization. As a result, a characteristic sharp double
peak structure is formed in the density of states (DOS) at the Fermi level. In UGe;,
such splitting (A) is not large enough to leave the minority spin band empty [B1.4,
B1.94]. The crucial point here is that A << Wgp, where Wgp is the SP bandwidth.
Therefore, the Fermi surface contains both majority and minority spin sheets. Position
of the Fermi level determines the spin polarization, P = (ny — nt)/(n} + nt), which is
essentially nonzero at low temperature [B1.95]. This remarkable feature not only
ensures coherent band dynamics of SP, but is also of a fundamental importance to the
superconducting state: NQR measurements have revealed that the spin—up band is
gapped but the spin—down band remains gapless, thereby indicating the
unconventional nature of SC in UGe; [B1.95].

The primary condition for the coherent band dynamics of SP is suppression of
spin—flip scattering on the Fermi level when A(T) > 2kgT, where 2kgT is the thermal
broadening of the Fermi function. We find the characteristic temperature of coherent
SP band formation from

2kgTspp = A(T) (B1.3)
In FM metals, spin splitting follows the bulk magnetization [B1.96]. According to
neutron studies of the temperature dependence of the magnetic moment in UGe,

[B1.35],

7103
A(T) = A, (1 - —) , (B1.4)
Te
where Ay is the spin splitting at 7= 0. On the other hand, following [B1.96]
AO = PWSP (B1.5)
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according to our data (Figure B1.3), the difference between majority and minority spin
SP states, P = 0.12, which is close to the spin polarization of charge carriers found by
NQR [B1.95] at elevated pressures (1.17 and 1.2 Gpa): P = 0.14.

We determine the SP bandwidth from [B1.47]

wW. zh”
Sp =
Mgpa?

(B1.6)

where z is a coordination number, mgp is the SP mass and « is the lattice constant. For
a crude estimate we use UGe2 values34 z =4, mSP = 25 and a = 0.4 nm to get
Wsp =70 meV, Ay = 8 meV and to confirm that A << Wgp. Then using (3) and (4) we
arrive at the relation Tspg =46 (1 — TspB/TC)O'3 which, solved numerically, yields
Tsps = 34 K, in close agreement with a characteristic crossover temperature T =30K
[B1.34, B1.35].

In UGe,, this weak first—order transition (the crossover at ambient pressure) at
T separates the high—temperature (high pressure) weakly polarized phase (FM1) from
the low—temperature (low pressure) strongly polarized phase (FM2) [B1.35] (see
Figure B1.7) and shows up as anomalies in resistivity [B1.4, B1.37], heat capacity
[B1.34, B1.37], magnetization [B1.97] and magnetoresistivity [B1.34]. What is more
fundamental is that this transition shows up as a distinct change in the Fermi surface as
revealed by dHvA measurements [B1.38— B1.40]. The nature of the transition at 7' " is
not clear at the moment, but experimental results indicate it to be closely related to
superconductivity in UGe, [B1.3, B1.4, B1.35]. It has been suggested that this
transition is due to charge or spin density wave(s) or both. However, neutron studies
do not detect any such phases [B1.35]. An alternative suggestion, which is also
supported by our data, is that there is a first—order Stoner—type phase transition in the
spin magnetization due to a sharp double peak in the density of states near Er [B1.94].
In the latter scenario, both the FM1-FM?2 and SC transitions are driven in the FM
phase by tuning the majority spin Fermi level through one of two peaks in the density
of states. The tuning parameter is the magnetization, which changes the topology of

the Fermi surface for different spin species [B1.94]. Magnetization measurements
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[B1.97] do indicate that the FM1-FM2 transition occurs at a particular spin splitting
between the majority and minority spin bands, since the Fermi level passes through a
sharp peak in the DOS for one spin species. A qualitative change in DOS at the
FM1-FM2 transition is also supported by dHvVA [B1.38— B1.40] and Hall [B1.41]
measurements, although the nature of the spin bands and spin species is not discussed.
We suggest that such a band is made of SP and the double—peak DOS is due to spin
splitting of SP band, as discussed above. We argue that the FM1-FM2 transition may
be a Stoner—type transition where coherent SP band dynamics sets in at 7 "= spg. This
is consistent with an increase of the easy axis magnetic moment per U ion at T " in the
low temperature FM2 phase, with respect to that in FM1 [B1.97].

Further support for coherent SP band formation at 7' " comes from the
measurements of the local magnetic field shift on the muon (AB) with respect to
external magnetic field By (Figure B1.8). The local magnetic field on the muon (B)
includes all contributions from the magnetic environment (from both local moments
and itinerant species) but excludes a contribution from the hyperfine field of the
electron that belongs to the SP captured by the muon. In other words, AB presents the
magnetic field shift on the muon as if this muon stays bare and does not capture a SP,
similar to the shift measured in EuS [B1.60]. It is determined as AB = By - 2=
(vit2)/2y,, where v| and v, are the two frequencies presented in Figure B1.4, as they
appear symmetrically split by £4/2 about the hypothetical bare muon frequency: vi,, =
+A/2 + 2n (B+Bo)/y, [B1.60, B1.75, B1.78]. At high temperature, AB follows the bulk
magnetization (measured in the same sample using a SQUID magnetometer). In this
case, the itinerant species’ contribution to the local field is small enough that both
techniques result in similar measurements, mainly contributions from the local
magnetic moments of U ions. However, below 7, where FM fluctuations extend over
the entire crystal, spin polarons become completely delocalized and tend to screen the
magnetic moment of a single localized SP captured by the muon, thereby reducing the
magnetic field on the muon, which causes the deviation of AB from the bulk

magnetization (Figure B1.8). This effect is analogous to Kondo screening in the single
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magnetic impurity Kondo problem [B1.98]. The difference is that the canonical Kondo
effect involves free electrons, while in our case the screening cloud consists entirely of
itinerant spin polarons. In fact, deviation of AB from the bulk magnetization starts
below T, which sets up a nonzero spontaneous internal magnetic field that determines
the nonzero Zeeman splitting (A) between SP spin—up and spin—down species.
However, this contribution stays small (although significant) above T " once
AN(T) < kgT " A qualitative change sets in below T "=30K (Figure B1.8) once A(7)
exceeds this temperature (see above discussion). Formation of a coherent SP band
causes effective Kondo—like screening of the muon—captured SP by itinerant spin
polarons, which determines a strong reduction of AB below T’ *, while the bulk
magnetization (performed via SQUID measurements) continue to increase below 7 "
We note that this Kondo—like screening of the muon—captured SP is only possible
within the SP system.

Thus, a non—monotonic behaviour of the magnetic field shift on the muon with
its maximum at 7* (displayed in Figure B1.8) might be explained by formation of a
Kondo screening cloud made of SP within the spin—polaron band. The characteristic
screening length scale of such a Kondo cloud can be estimated [B1.99] as
& = hvp/kgTx, where vg is the Fermi velocity of a SP within the SP band. Setting
Tk=Tspg=T " and getting vp = 3% 10° cm/s (which is about 100 times less than that for
electrons in a metal being renormalized by the effective mass) from the SP band
width, Wsp = 70 meV, with the SP mass, mg = 25my, we arrive at £ = 0.7% 10°° cm. For
comparison, depending on the Kondo temperature, the Kondo cloud in a canonical
system of a single magnetic impurity in a simple metal may have a significant
extension of ~ 10~ cm [B1.100]. Although the characteristic size of a Kondo cloud
made of spin polarons is about 100 times smaller than that in a canonical system, it is
much larger than the SP size, which ensures effective screening within the spin
polaron band.

Formation of such a narrow SP band should be directly relevant to a large

electron mass enhancement and critical spin fluctuations as are inferred from optical
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conductivity measurements in UGe, [B1.87] and several other strongly correlated
materials including UPd,Al; [B1.101], UPt; [B1.101], Cd,Re,O7B1.102], MnSi
[B1.103] and UBe;; [B1.104]. At low temperature, all of these materials exhibit a
narrow peak separated by a hybridization gap from a broad mid—infrared excitation
feature in the frequency—dependent optical conductivity, which are associated with a
low—spectral-weight, low—energy “heavy fermion” Drude peak and a
high—spectral-weight, high—energy interband transition, respectively. In the latter
three materials, observation of itinerant spin polarons [B1.59, B1.66, B1.85] appears
to be associated with the low—energy and mid—infrared features detected by optical
conductivity [B1.102— B1.104]. Furthermore, in all of these materials enhancement of
the effective mass (to several dozens of my at low 7) and suppression of the scattering
rate mainly occur below a characteristic energy, consistent with the formation of a SP
band.

Formation of a spin polaron band offers a straightforward explanation of the
remarkable magnetoresistance (MR) in UGe, [B1.34]. Both MR and magnetostriction
[B1.105] indicate that the carrier number is a strong function of magnetic field. The
remarkable sensitivity of the electron transport to the magnetization (an order of
magnitude stronger than in hole—doped manganites) shows that carrier localization
into SP and its release by a magnetic field may be a missing key ingredient of HF
models. A SP model [B1.106, B1.107] predicts the MR to be dependent on the carrier
density through formation of SP and carrier release from SP. The recent observation of
SP in magnetoresistive Lu,V,07 [B1.83] supports this model. High magnetic field
destroys the SP because in high B the spins are already polarized, so that the exchange
coupling of the carrier with these spins offers no energy advantage to compensate the
increase in kinetic energy that occurs due to localization. Application of a magnetic
field releases the carrier from SP into the conduction band — a process that not only
explains the huge negative MR and its strong anisotropy, but also reveals the reason

why carrier number is a strong function of magnetic field in UGe, [B1.41]. This effect
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may be relevant to earlier studies on suppression of heavy fermions by high magnetic
field [B1.108— B1.110].

Formation of the spin polaron band may provide an explanation for a list of
mysteries of UGe, as well as other HF and strongly correlated materials, such as
itinerant versus localized carriers in a duality problem when local moments acquire
itinerancy, “small” Fermi surface versus “large” Fermi surface including both
conduction electrons and local spins, huge anisotropic magnetoresistance, Fermi
surface reconstruction at 7 and the nature of the mysterious FM transition within the
FM phase. Emergence of such SP bands might be a general phenomenon in HF
systems [B1.85, B1.111]. Furthermore, formation of spin bipolarons [B1.59, B1.112]
— a pairing within the SP band — may be a missing ingredient for magnetically
mediated spin—triplet SC models, including those in HF materials, FM materials or
both. Finally, a spin polaron may serve as a composite quasiparticle — a heavy
fermion — in HF materials.

This work was supported by the Natural Sciences and Engineering Research
Council of Canada and the U.S. Department of Energy, Basic Energy Sciences,
Division of Materials Science and Engineering (Award # DE-SC0001769).
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B.1.3. Figures for Appendix C.1
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Figure B1.1: Frequency spectrum of muon spin precession in UGe2

Frequency spectrum of muon spin precession in UGe2 in a transverse magnetic field of H=1
T at T =40 K. Only the real part is shown, as including the imaginary part artificially
broadens the overall lineshape75. Inset: same spectrum in the time domain transformed into a
rotating reference frame [B1.75] at 135.53333 MHz. The two—frequency precession pattern
characteristic of a localized electron hyperfine—coupled to a muon is clearly apparent in both
domains.
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Figure B1.2: FFTs of TF-MuSR signal at various temperatures in UGe,

Fourier transforms of the muon spin precession signal in UGe2 in a transverse external
magnetic field of 1 T at different temperatures. The characteristic SP lines appear below about
100 K and persist through the FM transition (7, = 52.6 K) down to the lowest measured
temperature. Note that the frequency scale changes by a factor of 0.156 between low and high
T, reflecting the dramatic reduction of the splitting at high 7. Also note the qualitative change
in the line shapes around 80 K.
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Figure B1.3: Temperature dependent asymmetries in UGe,

Temperature dependence of the amplitudes of muon spin precession signals (spectral weight
or population) in UGe2 in a transverse external magnetic field of 1 T. Red circles (o) and
black squares (m) show the evolution of the signal with the higher and lower frequency,
respectively, around 100 K. Note the qualitative change around 80 K.
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Figure B1.4: Temperature dependences of frequencies in UGe,

Temperature dependences of muon spin precession signals frequencies in UGe; in a transverse external
magnetic field of 1 T. The SP lines appear below about 100 K where the doublet is composed of a
higher (red circles o) and lower (black squares m) frequency signal. The signal (blue triangles A) from
[nonmagnetic] CaCO,, mounted directly behind the sample, provides a direct measure of the magnetic
field at the sample via the measured frequency.
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Figure B1.5: SP frequency splitting in UGe,

Temperature dependence of the SP frequency splitting (Av) in UGe2 in a magnetic field of
H=1T. At low temperature, the SP is fully polarized and the splitting saturates at the full
strength of the u'e” hyperfine coupling (4). Inset: magnetic field dependence of Av at

T =75 K (red circles, ), T = 60 K (blue triangles, A), T =40 K (green diamonds, ¢) and

T =5 K (black stars, %). The saturation of both temperature and magnetic field dependences
of Av are characteristic of hyperfine—coupled p'e” spin systems. Both curves saturate at the
same value of 4 =41 =2 MHz.
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Figure B1.6: Temperature dependences of SP line width in UGe;,

Temperature dependences of the SP line widths of the signals with higher (red circles, ®) and
lower (black squares, m) frequencies in UGe, at 100 K in a magnetic field of H=1 T. Note
the qualitative change around 80 K.
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Figure B1.7: Temperature—pressure phase diagram of UGe,

The temperature—pressure phase diagram of UGe2. The blue line (T*) separates the weakly
polarized magnetic phase (FM1) from the strongly polarized magnetic phase (FM2). The
superconducting phase (SC) is confined within the red line (note that the Tsc values are scaled
by a factor of 10). The green line separates the paramagnetic (PM) phase from the
ferromagnetic phase (FM1). The upper right inset shows the orthorhombic unit cell of UGe,,
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composed of the U atoms (blue circles), Ge atoms (green circles) and a spin polaron (SP,
large pink circle) that confines two U atoms. The lower right inset shows the a,b,c axes of the
UGe?2 unit cell. The SP propagates along easy axis a, which is also its spin direction (see text).
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Figure B1.8: Temperature dependence of B,,. and bulk magnetization in UGe;

Temperature dependence of the magnetic field shift detected by the muon (red circles, ®) and
bulk magnetization measurements (blue circles, e, presented as magnetic moment per U ion).
In UGe,. All data were collected with a magnetic field of H=1 T externally applied parallel to
the easy axis, a.
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B.2. SPIN GAP IN HEAVY FERMION UBE;3

This paper was submitted to Nature Physics in February of 2014 and is
currently under review. Additionally, the text included here is in the exact form in
which it was submitted with the only exception being the equation, figure and citation

numbers have been modified as to minimize confusion with the rest of this document.
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B.2.2. UBe;3: Text

Heavy fermion compounds are well known for their unique properties such as
narrowness of bandwidths, loss of coherence in a metal, non—Fermi—liquid behaviour,
unconventional superconductivity, huge magnetoresistance etc. While these materials
have been known since the 70s, there is still considerable uncertainty regarding the
fundamental mechanisms responsible for some of these features. Here we discuss the
direct observation of spin polarons in the heavy fermion compound, UBe;3, that detect
a spin gap in the spin excitation spectrum of f~electrons, opening near 180 K which is
consistent with anomalies observed in resistivity, heat capacity, NMR or optical
conductivity measurements. Together, the observation of spin polarons and detection

of a spin gap contribute to a robust picture of the mechanisms responsible for many of
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these characteristics including identification of the spin polaron as a heavy fermion.
We find similar behaviour in several other heavy fermion systems.

In strongly correlated metallic materials, the interplay between local spins and
itinerant electrons determines the spin fluctuation spectrum. In a 3d—electron system,
such a spectrum emerges as a result of a strong dominance of the Fermi energy over
magnetic energy [B2.1]. By contrast, in f~electron itinerant systems the Fermi energy
is heavily renormalized down to the scale of the magnetic energy [B2.2], resulting in a
strong influence of the spin dynamics and spectral weight of spin fluctuations on
transport, magnetic and thermodynamic properties of a system. A depletion of spectral
weight upon cooling may indicate the opening of a gap (or pseudogap) in the spectrum
of spin fluctuations.

The concept of a pseudogap has recently become essential for understanding
strongly correlated electron systems [B2.3]. Particularly interesting is the opening of a
gap in a system of f~electron spin excitations [B2.4]. At low temperature, such
systems display a continuous transition from an array of uncorrelated local magnetic
moments to a Fermi-liquid (FL) phase in which f electrons are strongly hybridized
with conduction band electrons [B2.5]. As a result, f electrons not only create a sharp
resonance on the Fermi level, giving rise to a large effective mass, m*, of
quasiparticles, but also transfer their magnetic entropy to the Fermi surface. In this
case, a gap may open up as in URu,Si, at T=17.5 K [B2.4]. In this article, we present
data that are explained by a spin gap opening in UBe;; at T=180 K.

Ube; crystallizes in the cubic NaZn;3 structure with lattice constant
a=1.025 nm. The U atoms form a simple cubic sublattice with a rather large U-U
spacing, suggesting strong hybridization with the itinerant carriers [B2.6]. Unlike in
other uranium—based HF compounds, there is no evidence for static magnetic order in
UBe;3 though short-range magnetic correlations have been reported [B2.7]. In UBe;3,
superconductivity (SC) arises from a paramagnetic (PM) metallic phase as a
cooperative phenomenon involving heavy quasiparticles that form pairs [B2.6, B2.8].
The susceptibility, y, exhibits typical Curie-Weiss behaviour at high temperature with

145



Texas Tech University, Patrick Mengyan, May 2014

He ftz3.36 HR but deviates from this law below 200 K and then levels off at

20 K[B2.9].

Interest in UBe;; is reinforced by various observations of non—Fermi—liquid
(NFL) behaviour [B2.6,B2.9,B2.10-B2.12], often explained by the proximity to the
quantum critical point [B2.10,B2.11,B2.13], which challenges the validity of the
quasiparticle concept. However, various experiments indicate a dominant role of
quasiparticles, although the specific quantum states that might replace the Fermi liquid
remains unclear [B2.13].

Quite remarkably, FL behaviour in UBe;3 (as in some other HF systems) is
restored by application of a strong magnetic field [B2.11]. Another remarkable feature
which requires explanation is that UBe;3 displays coherent quasiparticle behaviour at
low temperature, however, at higher temperature an incoherent metallic state
dominated by spin—flip scattering is present [B2.11, B2.14]. Both NFL and loss of
coherence phenomena cannot be explained by quadrupolar Kondo effect [B2.10].
Furthermore, energy band calculations produce an m* value that is at least an order of
magnitude too low [B2.15]. Moreover, the band theory fails to explain the loss of
coherence.

In order to identify a fundamental electronic state that is consistent with all of
the crucial experimental results, different polaron models have been proposed [B2.15,
B2.16]. Although both electronic and magnetic polaron models may account for NFL
behaviour, loss of coherence and produce a correct m* [B2.15], the former fails to
explain the strong influence of a magnetic field. By contrast, a spin polaron (SP)
model [B2.16] claims to establish an electronic state which may help to reconcile
theoretical treatment with the experiment. In particular, the SP model [B2.17, B2.18]
offers a straightforward explanation of a major puzzle of UBe;3 — a remarkable
magnetoresistivity (MR) [B2.9] — which can hardly find explanation within any other
model. Both MR and magnetostriction indicate that the carrier number is a strong
function of magnetic field as if ‘the carrier is released by B’ [B2.12]. The remarkable
sensitivity of the electron transport to the magnetization (an order of magnitude
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stronger than in hole-doped manganites) shows that carrier localization into SP, and
its release by a magnetic field, may be a missing key ingredient of HF models. A SP
model [B2.17,B2.18] predicts that narrowness of the conduction band may cause the
carriers to self—trap as SP. Recent observation of SP in magnetoresistive Lu,V,07
[B2.19] supports this model. Here, we present observation of SP in UBe;s. It is this
observation which allows detection of a spin gap.

Standard measurements to characterize lattice constants, resistivity behaviour,
T, and effective magnetic moments were completed and show that properties of our
single crystal samples are consistent with literature data. Time—differential p"SR
experiments [B2.20, B2.21] using 100% spin—polarized positive muons implanted into
these samples within a temperature range of 0.025 K to 300 K and magnetic fields,
B, applied perpendicular to the initial muon polarization direction, up to 7 T, were
carried out on the M 15 surface muon channel at TRIUMF using the HiTime and DR
spectrometers. Another set of these measurements were carried out with a mosaic of
crystals oriented randomly with respect to the direction of the external magnetic field.
At high temperature Fourier transforms of the t"SR time spectra exhibit a single line
at the muon frequency, v, = y,B/2n (where v, = 2 x 135.53879 MHz/T is the muon
magnetogyric ratio), which coincides with that detected in a CaCOj5 reference sample
used for independent measurements of B. However, below T* = 180 K such simple
spectra change abruptly to reveal a characteristic doublet (Figure B2.1) which persists
down to the lowest temperature (Figure B2.2).

Previous observations of such two—line spectra [B2.22,B2.23] prompted a
suggestion of two inequivalent sites occupied by positive muons in UBe;3;. However, a
two—site assignment suggests a temperature independent strict 1:2 muon site
occupation ratio [B2.22,B2.23] while experiment shows a temperature dependent
amplitude ratio well below 0.5 (Figure B2.3). Furthermore, the two lines do not follow
the temperature dependence of the magnetization (Figure B2.4), which indicates that
the muon does not stay bare and does not act as a local magnetometer. Instead, one
line goes up in frequency while the other goes down as temperature decreases —
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which is a signature of a muon—electron bound state [B2.20,B2.21]. Moreover, in the
bare muon scenario one expects strong anisotropy in the position and splitting of the
two lines when the magnetic field is applied along different crystalline axes, whereas
our measurements with randomly aligned crystals matched results produced from an
oriented single crystal(s), thereby indicating very isotropic signals. Finally, the
departure from linear magnetic field dependences of the two frequencies allows one to
rule out possible Knight shifts within the bare muon scenario.

Instead, the doublet in Figure B2.1 and Figure B2.2 is a fingerprint of a
coupled j1'e” spin system in high transverse field [B2.19-B2.21,B2.24-B2.29]: the
two lines correspond to two muon spin—flip transitions between states with electron
spin orientation fixed, the splitting between them being determined by the muon—
electron hyperfine interaction, 4 [B2.24, B2.25]. In a magnetic system, an electron’s
energy depends strongly on the magnetization, with the minimum energy being
achieved by ferromagnetic (FM) ordering [B2.30]. Then the strong exchange
interaction, .J, between a carrier and local f{d) moments can cause electron localization
into a FM ‘droplet’ over the extent of its wavefunction (typically, the first
coordination sphere) in a PM (or AF) sea [B2.30, B2.31]. This charge carrier,
accompanied by reorientations of local spins to form its immediate FM environment,
together behave as a single quasiparticle with a giant spin .S — a spin polaron
[B2.30,B2.31]. In the process of electron localization into a SP, in a metal, the
exchange energy gain upon transition from the PM to the FM state is opposed by the
increase of the electron kinetic energy (the entropy term due to ordering within the SP
becomes significant only at very high T) [B2.24,B2.25,B2.27,B2.28].

High magnetic field destroys the SP because in high B the spins are already
polarized so that the exchange coupling of the carrier with these spins offers no energy
advantage to compensate the increase in kinetic energy due to localization.
Application of a magnetic field thus releases the carrier from SP into the conduction

band — a process which offers not only an explanation of the huge negative MR but
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also reveals the reason why the carrier number is a strong function of magnetic field in
UBe;53.

Such SP states with the electron confined in a R = 0.2—0.5 nm FM ‘droplet’
attached to a positive muon are found in strongly correlated insulators [B2.26,B2.32],
semiconductors [B2.24,B2.25,B2.29] and metals [B2.27,B2.28]. In metals, an itinerant
SP is captured by the muon to exhibit the characteristic 1'e” hyperfine splitting
[B2.27,B2.28] through the frequency splitting Av between two SP lines (Figure B2.5).
Within a mean field approximation, Av follows a Brillouin function
[B2.24,B2.25,B2.27,B2.28]. For gugB < kgT,

gugB

fv=4 [3kB(T D

(S+1) (B2.1)

A strong deviation from the Curie—Weiss law, which lies in the heart of HF behaviour,
restricts UBe;3 to the small B/T limit so that equation (B2.1) stays valid in the entire
measured B range, in contrast to other systems which support SP [B2.24, B2.25,
B2.27, B2.28]. Fitting Av(B) for T between 15 K and 150 K, with 1 determined from
magnetization measurements (see inset in Figure B2.6), and taking into account the
dominance of the orbital magnetic moment, which causes g=0.8 [B2.33], gives
A=45(5) MHz and $=8.5(0.5). From the value of 4o R~ we get R=0.25(1) nm, which
rather remarkably indicates a maximum overlap of corresponding s and f
wavefunctions within the SP [B2.24, B2.25, B2.27, B2.28], as the U-U distance is
0.5124 nm and the radius of the f~orbital is 0.0527 nm. This is consistent with the
muon sitting in between the two U ions [B2.22, B2.23] that capture a SP consisting of
an electron whose wavefunction overlaps f~orbitals of said U ions; each having a
magnetic moment uy = gug(S + 1/2)/2 = 3.6ug, which is close to the ps found
from susceptibility measurements.

In a PM, strong spin exchange with the environment [B2.20, B2.21] would
result in rapid spin fluctuations of the SP electron, averaging the hyperfine interaction
to zero, which in turn would result in a collapse of the doublet into a single line at v,

(see [B2.24, B2.34] for details) unless the SP spin, S, is decoupled from the local spins
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[B2.24, B2.25, B2.27, B2.34]. Such decoupling is possible in high B when the Zeeman
energy of S exceeds an exchange interaction, J, between local spins — this is the case
in magnetic insulators where the SP doublet is detected up to very high temperature
[B2.19, B2.24-B2.26]. In metals, RKKY interactions make J much stronger, so that
decoupling requires B strengths that are inaccessible in the current experiment. That is
why we see a single line above 180 K, which by no means indicates the absence of the
SP above 180 K — just active spin exchange with the environment [B2.24, B2.25,
B2.27, B2.34]. We interpret the abrupt appearance of a SP doublet at 180 K (Figure
B2.4 and Figure B2.5) as a result of opening a spin gap that eliminates low—lying spin
excitations, thereby making spin exchange of S with its environment ineffective. This
explanation is consistent with anomalies in specific heat [B2.35], NMR [B2.36] and
optical conductivity [B2.14], which are discussed in terms of crystal field splitting of
the 5/ U ion by a characteristic energy of ~180 K.

Our electric resistivity, p, measurements in the same single crystals (Figure
B2.6) confirm a spin gap opening in UBe;3 near 180 K. A basic behaviour of
resistivity lies in the context of carrier scattering in metals with local spins
[B2.37-B2.39]; as in UBe;3 below 300 K, p is dominated by carrier scattering on spins
[B2.40]. At high temperature, it consists of a temperature—independent local scattering
term and a 1/T term due to scattering on paramagnons [B2.37-B2.39]. At lower
temperature down to 1, Kondo scattering takes over. A crossover from p(T)=A/T+C to
p(T)=DIn(E/T) at about 180 K signifies a characteristic change in the spin fluctuation
spectrum of the system. Fits to the data yield the following values:
A=8.5x10" Ohm-cm-K, C=94x10"° Ohm-cm, D=47.4x10"° Ohm-cm and
E=3500 K.At high temperature, the largest contribution to p comes from carriers with
small momentum g~0 [B2.37-B2.39] scattered by low—lying excitations dwarfing
both 1/T and C as the spin gap opens up, eliminating such excitations. On the other
hand, an opening of the spin gap promotes resonant Kondo scattering effective at a
significant ¢ and energy [B2.41]. Moreover, disappearance of the low—lying spin

excitations causes strong suppression of long—wavelength magnetic fluctuations
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accompanied by deviation of y from the Curie—Weiss law at 180 K observed in 1(T)
dependence (inset in Figure B2.6). An opening of the spin gap might be explained by
the position of an f~level lying 180 K below the Fermi surface.

A standard approach to HF systems considers, as a starting point, a set of
strongly localized f—electrons; the appearance of a new energy scale results from
hybridization of conduction electrons with local f moments so that heavy
quasiparticles appear on the Fermi surface. An alternative approach [B2.42] starts
from a delocalized band carrier whose transport depends upon the strength of its
coupling with excitations of the medium: in the limit of strong coupling an electron
accompanied by lattice or spin excitations forms a quasiparticle — a polaron. As is the
case for the well-known lattice polaron, formation of a spin polaron may profoundly
renormalize the bare electron band (bandwidth Ag ~ 1 eV) into an extremely narrow
(Asp~10"-107 eV) SP band [B2.30]. At low temperature, such a SP band supports
coherent SP dynamics [B2.29]. As SP have spin higher than 1/2, they do not need to
follow a FL state — hence NFL behaviour is possible. At still lower temperature,
formation of spin bipolarons might cause SC [B2.27, B2.43]. Here, the opening of a
spin gap is a ‘must have’ ingredient, as it protects paired electrons from spin exchange
with the environment, which destroys pairs. At higher 7, however, the SP dynamics
occur on a background of strong coupling to spin fluctuations, which destroys
coherence. A dramatic renormalization of the SP band is expected to go hand—in—hand
with a significant increase of the electron effective mass, which may allow application
of general concepts developed for coherent—to—incoherent crossover of the tunneling
dynamics of heavy particles: suppression of coherence in a metal is expected at T~Agp
[B2.44]. As a result, at high temperature SP are characterized by incoherent hopping
transport and the band picture breaks down. However, at low temperature the band
picture manifests itself in a coherent transport of heavy quasiparticles — SP. Thus,
such SP description allows to arrive to a qualitatively similar results as the standard

approach to HF, albeit without involvement of the Kondo screening. A remarkable
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advantage of such an approach is that it naturally accounts for the loss of coherence at
higher temperature.

In summary, a spin gap opens up in UBe;3 at 180 K, detected by spin polarons.
Formation of the SP band may explain several long—standing mysteries of UBe:
NFL behaviour, loss of coherence in a metal, and huge magnetoresistance. Emergence
of such SP bands might be a general phenomenon in HF systems as we have recently
found SP in several HF systems, such as CeCug, CeColns and Ce,RhlIng utilizing the
same p SR measurement technique as with UBe;3. Within this picture, the SP is itself
the celebrated heavy fermion.

This work was supported by the Kurchatov Institute, NSERC of Canada and
the U.S. DOE, Basic Energy Sciences (Grant DE-SC0001769).
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B.2.3. Figures for Appendix B.2
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Figure B2.1: Frequency spectrum of muon spin precession in UBe;;

Frequency spectrum of muon precession in UBej; in a transverse magnetic field B=1 T at
T =150 K. Inset: same spectrum in the time domain in a rotating reference frame. The two—

frequency precession characteristic of a muon—electron hyperfine coupled state is evident in
both domains.
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Figure B2.2: FFTs of TF-MuSR signal at various temperatures in UBe4;

Fourier transforms of the muon spin precession signal in UBe; in a transverse magnetic field
of 1 T at different temperatures. The characteristic SP doublet persists down to the lowest
measured temperature, T = 0.025 K. A very small line in between the 2 main lines comes from
a small fraction of muons which fail to capture a SP. Inclusion of the third signal in the fits has
no effect on the results for the two main signals.
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Figure B2.3: UBe;; ratio of asymmetry within doublet

Temperature dependences of the ratio of the amplitudes of the two lines within the SP doublet.
Note that this ratio is significantly lower than 0.5 and is significantly temperature dependent.
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Figure B2.4: UBe,; temperature dependence of frequency splitting and
magnetic susceptibility

Temperature dependences of the magnetic susceptibility (red circles) and muon spin
precession frequencies at H=1 T (triangles: blue (online) — a single line above 180 K; yellow
(online) — a spin majority line; green (online) — a spin minority line). Neither SP doublet
frequencies follow the susceptibility, which rules out any possible bare muon scenario.
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Figure B2.5: UBe13 Temperature dependence of SP frequency splitting

Temperature dependence of the SP frequency splitting Av in UBe;; in a magnetic field of B =
1 T measured using HiTime (circles) and DR (squares) spectrometers. /nset: Magnetic field
dependences of Av at T = 150 K (squares), T =99 K (stars), T =50 K (triangles), T=15K
(circles), T = 0.7 K (nablas) and T = 0.025 K (diamonds); the circles obscure the nablas and
the diamonds, showing that there is very little change at the lowest temperatures.
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Figure B2.6: Temperature dependence of UBe,; electrical resistivity

Temperature dependence of the electrical resistivity of UBe;3 (red: experimental points; green
and blue dotted lines: fitting to corresponding functions). Inset: ®(T) dependence extracted
from magnetization measurements.
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Abstract

Materials that exhibit colossal magnetoresistance (CMR) have attracted much attention due to
their potential technological applications. One particularly interesting model for the
magnetoresistance of low-carrier-density ferromagnets involves mediation by magnetic
polarons (MP)—electrons localized in nanoscale ferromagnetic ‘droplets’ by their exchange
interaction. However, MP have not previously been directly detected and their size has been
difficult to determine from macroscopic measurements. In order to provide this crucial
information, we have carried out muon spin rotation measurements on the magnetoresistive
semiconductor Lup V207 in the temperature range from 2 to 300 K and in magnetic fields up
to 7 T. Magnetic polarons with characteristic radius R ~ 0.4 nm are detected below about
100 K, where Luy V207 exhibits CMR; at higher temperature, where the magnetoresistance
vanishes, these MP also disappear. This observation confirms the MP-mediated model of
CMR and reveals the microscopic size of the MP in magnetoresistive pyrochlores.

(Some figures may appear in colour only in the online journal)

1. Background and introduction

Systems with strongly correlated electrons whose interaction
energies exceed their kinetic energy may exhibit various
subnanometer-sized inhomogeneous charge and spin states—
lattice and magnetic polarons, droplet and stripe structures
etc—that are believed to be intimately connected to remark-
able cooperative phenomena such as metal-insulator tran-
sitions (MIT) and colossal magnetoresistance (CMR) [1-3]
and are discussed in high-7. superconductivity [4]. In the
archetypal MIT and CMR materials—undoped perovskite
manganites—the transition of the antiferromagnetic (AF)
insulator state into the hole-doped ferromagnetic (FM)
metallic state is found to occur through a phase-separated
state. While collinear AF and FM states correspond to a

0953-8984/13/115601405$33.00

local minima in energy, a canted state [5] is unstable with
respect to phase separation: the most energetically beneficial
phase-separated state corresponds to FM spin (magnetic)
polarons (MP) embedded in an AF matrix [3]. In manganites,
strong interaction between electron and lattice subsystems via
a combination of double-exchange (DE) and a Jahn—Teller
distortion of the MnQOg octahedra indicate that the lattice
polaron effect plays an important role in the transport
properties [6]. However, the remarkable sensitivity of the
electron transport to the magnetization shows that electron
localization into a magnetic polaron may be a key ingredient
of MIT and CMR models in manganites.

The mixed-valence manganites share their properties,
in particular MIT and/or CMR, with several other distinct
families of magnetic semiconductors (MS). These include

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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the rare earth chalcogenides [1-3], Cr-based spinels [7] and
diluted magnetic semiconductors. An impressive CMR in
electron-doped EuO, on the order of 10° (as compared to
several per cent in FM Fe and Ni or several dozen per
cent in hole-doped manganites), clearly reflects a remarkable
influence of the magnetic state on electron transport [1-3]. In
general, the enormous MIT and CMR effects characteristic
to non-degenerate Eu chalcogenides and Cr spinels obviously
demand a model that goes beyond magnetic scattering
theory [8]. Such a model of magnetic polarons, as deep
levels which empty into a conduction band exhibiting giant
band splitting, is employed to explain both huge MIT (up
to 10"-fold) and CMR (up to 10°-fold) in MS [1-3].
In fact, observations of MP in doped manganites [9] and
cobaltites [10] as well as in Eu [11-13] and Sm [14]
chalcogenides and Cr spinels [15, 16] support the MP model.

Recent discoveries reveal CMR in yet another distinct
class of materials—frustrated magnetic pyrochlores [17-19]
—which often adopt ground states that are macroscopically
degenerate. Such degeneracy may promote different short-
range alternatives to the long-range ordered ground state,
producing exotic electronic and magnetic properties [20].
As in Eu- and Sm-based MS, and in marked contrast to
manganites, there is no structural anomaly in the pyrochlores
TlhMny;O7 and LupV,07. The CMR discovered in these
materials does not involve a lattice polaron; the DE model
is also unsuitable, due to a single 3d valence state of Mn*+
and V4, respectively, and rather weak charge—lattice and
spin—lattice couplings. In these pyrochlores and magnetic
semiconductors (such as EuS, EuO or EuSe), the magnetic
coupling is mediated instead (at least partly) by bound
electrons (superexchange). In addition, the charge carriers
in pyrochlores are electrons at very low density (0.001
0.005 per formula unit), rather than holes as in the
perovskites (~0.2 per Mn atom) [18]. A model developed
for low-carrier-density ferromagnets [21, 22] predicts the
magnetoresistance to be dependent on the carrier density
and that the narrowness of the conduction band may cause
the carriers to self-trap as MP. In both the itinerant and
the self-trapped regimes, the magnetoresistance appears to
be large. At high temperature, the MP is confined to very
few sties and its magnetization is saturated. Measurements
of the magnetoresistance in the doped Tl,MnO7 [23, 24]
show that the basic behavior is consistent with this model.
However, a quantitative comparison with the experimental
data is hampered by unknown carrier concentrations and
uncontrolled disorder [22]. Nevertheless, the general approach
of the MP model is supported by the basic trend of the
magnetoresistance over various groups of materials ranging
from doped magnetic semiconductors to intrinsic magnetic
semiconductors and pyrochlores [22]. Direct observation of
the MP and their co-evolution with the CMR is still needed to
confirm this model.

Here, we present direct observation of the MP in the
magnetoresistive pyrochlore, LuyV,07. Magnetic polarons
are detected in the temperature region where LupyV,07
exhibits CMR, and disappear above 100 K where CMR is
negligibly small.
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Figure 1. Temperature dependences of the inverse of the magnetic
susceptibility of Lu, V,0O; measured in applied magnetic fields
0.005 and 5 T. Inset: susceptibility of Lu, V,07 in magnetic field
0.005 T measured around 70 K.

2. Experiment details

Single crystals of LupV,07 for the current studies were
grown by the traveling float zone technique. Details of
the sample growth and characterization by x-ray diffrac-
tion, susceptibility (figure 1), resistivity, magnetoresistance,
thermal expansion, specific heat and thermal conductivity
are described in [19]. Time-differential muon spin rotation
(wTSR) experiments [25, 26] using 100% spin-polarized
positive muons implanted into Lup V207 were carried out
on the M15 muon channel at TRIUMF using the HiTime
spectrometer.

3. Results and discussion

Within the temperature region (below about 100 K) of the
CMR effect [19], Fourier transforms of the (u+SR) time
spectra measured in high magnetic field applied transverse to
the muon spin (HTF) and along the (100) axis of the crystal
consist of two lines (figure 2) shifted to lower frequencies
relative to the reference frequency v, =y, B/2m (where y, =
27 x 135.53879 MHz T~! is the muon gyromagnetic ratio
and B is the magnetic field). HTF-u TSR measurements in
isostructural but non-magnetic LuyTi2O7 reveal a single line
atv,.

A two-line spectrum is frequently attributed to two
magnetically inequivalent positions of the bare muon in
a magnetically ordered material. However, similar 2-line
spectra are detected both below and well above 7. =
69.5 K (figure 3). Moreover, the two lines detected in the
zero magnetic field «TSR experiment do not follow the
temperature dependence of the magnetization, which clearly
indicates that the muon does not stay bare and does not
act simply as a local magnetometer. Both latter observations
are similar to those in LiCupOy where two-line spectra are
identified as characteristic of MP [27]. Local magnetic fields
acting on the muon at low temperature in the FM state of
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Figure 2. Frequency spectrum of muon spin precession in

Luy V207 in a transverse magnetic fieldof B=1Tat7 =75 K.
Only the real part is shown. Inset: same spectrum in the time
domain in a rotating reference frame at 136.5333 MHz
(triangles—real part, circles—imaginary part). The two-frequency
precession is characteristic of a localized electron state (MP)
hyperfine-coupled to a muon.

Lup V207, extracted from 2-line spectra in a manner similar
to that in [27], amount to ~0.08 T—typical for a muon in an
interstitial site in various magnetic materials [25, 26]. Finally,
a departure from linear magnetic field dependences of the two
frequencies in Lup V207 allow one to rule out possible Knight
shifts in the bare muon scenario.

Instead, observation of the 2-line spectrum with the
characteristic overall FM shift is the fingerprint of an electron
state hyperfine-coupled to the muon and confined into a
FM ‘droplet’—a MP [12, 14, 16, 28, 29]. The HTF-uTSR
technique has long been used to reveal spectroscopic
signatures of electron localization into the muonium (Mu =
ute™) atom (a light analog of the H atom) [25, 26]. In
HTF two classes of muon states can be distinguished by
their characteristic precession signals: a diamagnetic charged
state (usually a bare uT) and a paramagnetic neutral state
(usually Mu). The former precesses at a frequency of vy,.

In weak magnetic field, the triplet (spin 1) state of Mu has
a gyromagnetic ratio of 102.88349 times that of the bare
muon. At higher magnetic field, the Mu precession splits
into two lines following the Breit-Rabi Hamiltonian [25, 26],
their separation determined by the muon—electron hyperfine
constant, A. In very high magnetic field, the two observed Mu
frequencies correspond to muon spin-flip transitions between
states with the same electron spin orientation.

In magnetic semiconductors, Mu often turns into a
more deeply bound MP. Any confinement of a carrier (mass
m*) raises its kinetic energy and is thus very unlikely,
unless some local interaction compensates this increase.
Such an increase in kinetic energy can be compensated by
an exchange interaction, J, between local d(f) moments
of the magnetic ions mediated by the aforementioned
electron [5]. The local character of such an interaction can
cause spatial inhomogeneity. In a system of magnetic ions,
the electron energy depends strongly on the magnetization,
a minimum being achieved by ferromagnetic ordering. For
this reason, the electron tends to establish and support
this ordering, thus forming a FM ‘droplet’ over the extent
of its wavefunction (typically, the first coordination sphere
to maximize the exchange contribution) in a host that is
otherwise AF or paramagnetic (PM) [3, 30]. The charge
carrier coupled to its immediate FM environment behaves
as a single quasiparticle—a magnetic polaron. In magnetic
semiconductors, such a MP may be bound to a donor,
whose Coulomb attraction provides important assistance to
confinement, which is opposed by the entropy change, AS,
due to ordering within the MP, so that the net change in the
free energy

a3

hl
© 2m*R? Boaw”" TAS M
has a minimum as a function of R, thereby determining the
radius of the confinement [12, 14, 16, 30].

Such MP with the electron confined in a 0.3-0.5 nm
FM ‘droplet” around a positive muon are found in PM
states of EuS, EuO, EuSe, SmS and CdCrpSesq [12, 31,
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Figure 3. Fourier transforms of the muon spin precession signal in Lu,
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»V»07 in a transverse external magnetic field B = 1 T at different

temperatures. Characteristic MP lines appear below about 100 K and persist through the FM transition (7, = 69.5 K) down to the lowest

measured temperature.
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14, 16], in the AF state of LiCuyO;, [27] or in metallic

MnSi and CdyRep07 [28, 29]. In metals, an independently O T
formed itinerant MP is captured by the muon to exhibit 2T

the characteristic 4+ — e~ hyperfine splitting [28, 29]. The
MP can be clearly distinguished from a simple Mu atom
formed via electron capture by the muon in non-magnetic
materials [32-34]. In a magnetic host, rapid spin exchange
with the hosts spins would average the muon—electron
hyperfine splitting to zero. By contrast, when the electron spin
is strongly bound into a MP, the local FM ordering holds the
electron spin fixed, revealing the hyperfine interaction [12, 28,
29]. In addition, a significant shift of the MP lines with respect
to the reference signal reflects the FM internal field within a
MP [12].

Figure 3 shows the evolution of the TSR spectra with
temperature in magnetic field B =1T.

Above about 100 K, all spectra consist of a single line
with a frequency coinciding with that observed in a reference
sample (CaCOs). This is taken as evidence that above 100 K
the muon stays bare and a MP does not form in a high
magnetic field B = 1 T. The CMR measured in a high
magnetic field B =2 and 5 T goes to zero in LupV,07 at
about the same temperature (figure 4) [19]. On the other hand,
both measurements of the magnetic susceptibility (in a low
magnetic field B = 0.005 T) (figure 1) and resistivity (in a
zero magnetic field) (figure 4) indicate that a MP starts to
form at about 160 K [19]. However, these observations mark
no contradiction as the binding energy of a MP is significantly
reduced under an applied magnetic field [30, 19, 12, 16].

The CMR has a clear maximum at Tpa.x = 75 K
(figure 4) [19]. On the other hand, MP spectra do not have
distinct peculiarities at Tyax, which probably reflects the fact
that SR spectra only probe the MP after its capture by the
muon and are insensitive to its transport prior to that capture.
In contrast, the CMR is a measure of transport properties.

In the bulk FM state, the carrier is expected to be
released from the MP and become delocalized, which would
cause a sharp reduction of resistivity and disappearance of
the characteristic MP two-line u+SR spectra. However, in
Lup V207, zero field resistivity decreases gradually through
T down to 60 K and CMR decreases from Tmax through 7,
still staying finite down to the lowest measured temperature
of about 30 K [19]. Accordingly, TSR spectra exhibit
characteristic lines down to the lowest measured temperature
at 2 K (figure 3). These observations demonstrate that MP
exist below the FM transition. MP and free carriers may
coexist below 7 according to the model developed to describe
CMR in TI)Mn;O7 [21, 22]. In fact, a similar picture of MP
existence in the FM state is found in MnSi below its T, =
29.5 K [29]. In the present case, the MP state is detected in
Luy V207 within the region of significant CMR and vanishes
when the CMR disappears.

Temperature and magnetic field dependences of the
frequency splitting, Av, provide information on the charac-
teristic size, R, and composite spin, S, of the MP [12]. Within
amean field approximation, Av is proportional to a Brillouin
function [35]. In Lup V07, Av follows a Brillouin function
similar to those for magnetic polarons recently characterized

10* 5T

p (Qem)

Ap/p(0)

Figure 4. Temperature dependences of (a) resistivity and (b)
magnetoresistance of Lu, V,07 in different magnetic fields.

in various other materials [12, 14, 16, 29]. For gupB < k7T,
this function [12] is linear in B/(T — T¢):

Av=A ﬂ
3ks (T — Te)

where up is the Bohr magneton and kg is Boltzmann’s
constant. At low 7' and high B, however, the composite
MP spin, S, is fully polarized, resulting in saturation of
Av at a value of A, from which the MP radius can be
obtained [12]. In Lup V07, Av saturates as a function of
both 1/7 (at B=1T) and B (at 7 =2 K) at the same
value: A = 13 & 1 MHz (figure 5). Assuming an expanded
hydrogen-like 1s MP wavefunction, the hyperfine coupling,
A, scales as Avac(ao/R)?; where Ay, = 4463 MHz is the
hyperfine frequency of Mu in vacuum, ag = 0.053 nm is
the Bohr radius of Mu (or the H atom) in vacuum and R
is the characteristic radius of the MP electron wavefunction.
Such an estimate gives R ~ 0.4 nm, corresponding to electron
confinement within one unit cell of LuyV207. Depending on
the muon site, a sphere of R = 0.4 nm contains from 8 to
12 V** ions with spin 1/2 each (Lu*t being non-magnetic).
Thus the fully polarized MP has § = 5 &£ 1. The value of the
MP spin extracted from the slope of both linear dependences
of Av and B at higher temperature and lower magnetic field
using equation (2) amounts to § = 3 = 1, consistent with a
partially polarized MP.

}(S+1) @
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Figure 5. Temperature dependence of the MP frequency splitting,
Av, in Lu; V,07 in a magnetic field of B = 1 T. Inset: magnetic
field dependences of Av at T = 75 K (circles), T = 55 K (triangles)
and 7' = 2 K (stars). Both Av(1/7) and Av(B) saturate at the same
value of A = 13 + 1 MHz.

The extracted value of R ~ 0.4 nm clearly indicates
that MP do not overlap in this low-carrier-density (10~3)
ferromagnet. Such a characteristic size implies that the MP
are completely decoupled below 7.—the same conclusion as
that based on the CMR measurements [19].

At low temperature, the Zeeman energy of fully saturated
MP having a magnetic moment of about 10 ug obviously
exceeds the thermal energy, which should lead to unequal
spectral weights of the two MP lines [28]. However, both
lines have nearly the same spectral weight (figure 3). This
reflects a breakdown of the classical Boltzmann distribution
of MP spin states, which suggests that in Lup V207 below Tt
magnetic polarons are itinerant carriers as found in another
correlated pyrochlore CdaRexO7 [28] and MnSi [29]. This,
in turn, suggests that the role of the muon as a localization
center is almost negligible, which is consistent with the
dominant role of the exchange interaction in the process of
MP formation [28, 29].

4, Summary

We detect magnetic polarons in magnetoresistive Lup V207
exclusively within the region of CMR. This observation sup-
ports a model of magnetic-polaron-driven magnetoresistance
in pyrochlores.

Acknowledgments

This work was supported by the NBICS Center of the
Kurchatov Institute, NSERC of Canada, the US DoE (BES
Grant DE-SC0001769), the Petroleum Fund of the ACS, the
NSF (Grant DMR-0654118) and the State of Florida.

References

[1] Coey I M D, Viret M and von Molndr S 1999 Adv. Phys.
48 167
[2] Dagotto E, Hotta T and Moreo A 2001 Phys. Rep. 344 1

3

Nagaev E L 2002 Colossal Magnetoresistance and Phase
Separation in Magnetic Semiconductors (LLondon: Imperial
College Press)

Emery V J, Kivelson S A and Lin H Q 1990 Phys. Rev. Lett.
64 475

[5] de Gennes P G 1960 Phys. Rev. 118 141

[6] Millis A J, Littlewood P B and Shraiman B I 1995 Phys. Rev.

Lert. 74 5144

[7] Ramirez A P, Cava R J and Krajewski J 1997 Nature 386 156

[8] Fisher M E and Langer J S 1968 Phys. Rev. Lett. 20 665

[9] De Teresa ] M, Ibarra M R, Algarabel P A, Ritter C,
Marquina C, Blasco J, Garcia J, del Moral A and
Arnold Z 1997 Nature 386 256

Podlesnyak A et al 2008 Phys. Rev. Lett. 101 247603

Rho H, Snow C S, Cooper S L, Fisk Z, Comment A and
Ansermet J 2002 Phys. Rev. Lett. 88 127401

Storchak V G er al 2009 Phys. Rev. B 80 235203

Storchak V G er al 2010 Phys. Rev. B 81 153201

Storchak V G, Brewer J H, Arseneau D J, Stubbs S L,
Parfenov O E, Eshchenko D G, Morenzoni E and
Aminov T G 2009 Phys. Rev. B 79 193205

Yang 7, Xinyu B, Tan S and Zhang Y 2004 Phys. Rev. B
69 144407

Storchak V G, Brewer J H, Russo P L, Stubbs S L,

Parfenov O E, Lichti R L and Aminov T 2010 J. Phys.:
Condens. Matter 22 495601

Subramanian M A, Toby B H, Ramirez A P, Marshall W J,
Sleight A W and Kwei G H 1996 Science 273 81

Shimakawa Y, Kubo Y and Manako T 1996 Nature 379 53

Zhou H D er al 2008 Phys. Rev. B 77 020411

Gardner J S, Gingras M ] P and Greedan J E 2010 Rev. Mod.
Phys. 82 53

Majumdar P and Littlewood P B 1998 Phys. Rev. Lett. 81 1314

Majumdar P and Littlewood P B 1998 Narure 395 479

Ramirez A P and Subramanian M A 1997 Science 277 546

Martinez B, Senis R, Fontcuberta J, Obradors X,
Cheikh-Rouhou W, Strobel P, Bougerol-Chaillout C and
Pernet M 1999 Phys. Rev. Lett. 83 2022

Brewer J H 1994 Encyclopedia of Applied Physics vol
11 (New York: VCH) pp 23-53

Yaouanc A and Dalmas de Reotier P 2011 Muon Spin
Rotation, Relaxation, and Resonance: Applications to
Condensed Matter (New York: Oxford University Press)

Storchak V G, Brewer I H, Arseneau D J, Stubbs S L,
Parfenov O E, Eshchenko D G and Bush A A 2009 Phys.
Rev. B 79 220406

Storchak V G, Brewer ] H, Stubbs S L, Parfenov O E,

Lichti R L, Mengyan P W, He I, Bredeson I,
Hitchcock D and Mandrus D 2010 Phys. Rev. Lett.
105 076402

Storchak V G, Brewer J H, Lichti R L, Lograsso T A and
Schlagel D L 2011 Phys. Rev. B 83 140404

von Molndr S and Stampe P A 2007 Handbook of Magnetism
and Advanced Magnetic Materials vol 5,
ed H Kronmueller and S Parkin (Hoboken: Wiley)

Storchak V G er al 2009 Physica B 404 899

Storchak V G, Cox S FJ, Cottrell S P, Brewer J H,

Mortris G D, Arseneau D J and Hitti B 1997 Phys. Rev. Lett.
78 2835

Storchak V G, Eshchenko D G, Brewer ] H, Morris G D,
Cottrell S P and Cox S FJ 2000 Phys. Rev. Lett. 85 166

Storchak V G, Eshchenko D G and Brewer J H 2004 J. Phys.:
Condens. Matter 16 S4761

Smart I S 1966 Effective Field Theories of Magnetism
(Philadelphia, PA: Saunders)

[4

[10
[11]

[12
[13
[14

[15]

[16]

[17

[18
[19
[20]

[21]
[22
[23]
[24

[25

[26

[27]

[28

165



Texas Tech University, Patrick Mengyan, May 2014

B.4. ANTIFERROMAGNETISM IN NaV,0s

PHYSICAL REVIEW B 85, 094406 (2012)

Antiferromagnetism in the spin-gap system NaV,0s: Muon spin rotation measurements
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Muon spin rotation measurements have been carried out in a stoichiometric spin ladder compound NaV,0s in
the temperature range from 2 to 300 K, through the spin-gap transition at 7. = 35 K, in transverse magnetic fields
from 0.3 to 7 T. Antiferromagnetic order with a local magnetic field at a muon site of about 0.17 T is detected
coexisting with the spin-gap state below 15 K. Above 20 K, the signature of a spin-polaron state is observed,

which persists to about 100 K.

DOL: 10.1103/PhysRevB.85.094406

I. INTRODUCTION

Quasi-low-dimensional spin systems have attracted consid-
erable attention due to the appearance of various nonmagnetic
quantum states that can emerge when conventional long-range
order is suppressed. In particular, in the quantum limit of
spin 1/2, an antiferromagnetic (AF) state often has strong
competition from a dimerized state (DS) of singlet bonds to
become the ground state. Such a DS is characterized by zero
average on-site spin and formation of a spin gap A of up
to several hundred Kelvin, which separates the spin-singlet
ground state from the first excited spin triplet. The prototypical
systems include the Haldane and spin-Peierls compounds, spin
chains, or spin ladders.'”

The absence of spectral weight at the Fermi level suggests
that many of these systems are Mott insulators in which
strong correlations are responsible for their insulating nature.”*
However, even very low (~1072) doping or the application
of pressure can cause a remarkable collapse of the spin
gap with emerging AF order or even metallic behavior and
superconductivity.” Impurities or defects in a spin-gap system
may have profound effects on its magnetic state,’ (riggering
long-range AF ordering.” A better-controlled way of altering
the magnetic state of a quantum magnet from spin-singlet
dimers to long-ranged AF order is achieved by the application
of pressure altering the effect of spin fluctuations, thus, driving
a quantum phase transition (QPT) between competing ground
states.® Distinct magnetic Bragg peaks observed by neutron
spectroscopy in stoichiometric KCuCls and TICuCl; indicate
the emergence of the ordered AF moments.”'"

An even more delicate way to destroy a dimerized state
in a stoichiometric spin-gap system is to drive it through
a magnetic-field-induced QPT.'' Typical examples include
coupled spin ladders (such as TICuCl; or KCuCls),'> weakly
coupled chains of S = 1 Ni atoms'? or planes of Cu dimers."*
In the presence of a magnetic field, the Zeeman energy
reduces the gap to A(H)= A —gupH. At T =0, a finite
magnetization associated with AF order appears above the
critical field H, = A/gup. The applied field, thus, acts like
a chemical potential, and the Bose gas of triplets is populated
above H,.'> For most known systems, a rather high value of A
drives H, well above 100 T. Nevertheless, an exceptionally

1098-0121/2012/85(9)/094406(6)
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low A on the order of several Kelvin in some quantum
spin magnets indicated above makes it possible to observe
magnetic-field-induced AF ordering above the corresponding
H. = A/gup: In the canonical magnetic-field-induced QPT
systems, TICuCl3 and KCuCl A of 7.5 and 30 K correspond
to H, of 6 and 23 T, respectively.'”

In contrast to all of the ways to destroy a DS mentioned
above, in this paper, we present spectroscopic evidence for
AT ordering below T' = 15 K at ambient pressure in the
stoichiometric spin-gap system NaV,0s with A ~ 100 K
(Ref. 16) in a magnetic field of, at least, 2 orders of magnitude
lower than H, expected for a material with such a large A.

II. BACKGROUND

Highly anisotropic NaV,0Os has an orthorhombic structure
(Ppumn) at toom temperature.!’” In the high-temperature phase,
its magnetic susceptibility, x, behaves similar to that expected
for Heisenberg spin-1/2 chains. Below T, =34 K, a gap
of A~ 100K opens up in the spectrum of its magnetic
excitations accompanied by a sharp reduction in x due to
dimerization and doubling of the lattice constants, characteris-
tic of spin-Peierls systems.'® However, the strong suppression
of T, by a magnetic field inherent to spin-Peierls systems
does not occur, whereas, 2A /T, is almost two times higher
than that in genuine spin-Peierls systems.'® These facts,
along with a very high jump in entropy at 7, indicate that
the driving force for the phase transition that results in an
opening in a spin gap between the spin-singlet ground and
spin-triplet excited states in NaV,Os is the charge ordering
of electrons in the quarter-filled vanadium ladders. Such
a phase (ransition (ransforms a mixed-valence V**> state
with one electron shared between two vanadium positions
on a V-O-V rung above T, to localized d electrons below
T.,"” corresponding to charge ordering as revealed by x-ray
diffraction,’”” NMR,” and dielectric®® studies. It is suggested
that a spin-singlet pair (dimer) is formed on adjacent rungs
in a charge-ordered ladder.””~* To the best of our knowledge,
no AF phase transition has been reported in NaV,0s down
to 77 mK.°

Although a controversy over the number of inequivalent
vanadium positions and their valences (V4, V43 and V%)

©2012 American Physical Society
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has resulted in two theoretical models in which charge
ordering occurs either in every vanadium ladder®® or in
every other ladder,”’* those models do explain most of
the electronic and magnetic properties of NaV,0s. However,
several experiments, which reveal distinct anomalies well
below 7. in the 10-15-K range, still require explanation.
Those are an enormous increase in thermal conductivity
peaked at about 15 K, a steep increase in the electron
spin resonance linewidth below about 15 K®* and static
spin freezing around 11 K found by muon spin relaxation
(wSR)? all of which disappear upon introduction of about
1% Na vacancies. Another "SR paper,”® using samples from
a different source, also shows increasing relaxation of muon
spins with decreasing temperature characteristic of slowing
spin fluctuations and suggests the possibility of magnetic
ordering near 15 K, well below the spin-gap transition. These
facts indicate that all of those effects are rather intrinsic and
possibly reflect a magnetic phase transition unrevealed so far.

The muon experiments”’** attract particular attention as,
although having an unparalleled sensitivity to local magnetism,
muons do not notice any sign of the spin-gap transition at 7t
clearly detected by many other techniques.'®!*~! In particular,
the muon relaxation rate’’** does not follow the sharp reduc-
tion in x at T, (Ref. 16), which clearly implies that the muon
does not act as a local magnetometer in this temperature range.
This fact may indicate that the local magnetic environment
around the muon is fundamentally different from the rest of
the host and that this local environment does not change around
T... On the other hand, spin polarons (SPs) (which may form a
local magnetic environment around the muon fundamentally
different from that of the host) have long been predicted to
persist around a magnetic transition.”

III. THE EXPERIMENT

Time-differential muon spin rotation experiments,* using
positive muons 100% spin-polarized transverse to the applied
magnetic field and the ¢ axis of single crystals of NaV,0s
(from the same source as those used in Ref. 27), were carried
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out on the M15 muon channel at TRIUMF using the HiTime
spectrometer in magnetic fields up to 7 T and temperatures
from 300 down to 2 K. X-ray diffraction and magnetic
susceptibility (Fig. 1) measurements on these crystals and
a polycrystalline pressed powder pellet of NaV,0s (also
examined) produce results consistent with the literature data.

IV. RESULTS AND DISCUSSION

At low temperatures, in magnetic fields transverse to the
initial muon polarization, Fourier transforms of the u TSR
time spectra consist primarily of two satellite lines positioned
symmetrically on either side of the central narrow line (Fig. 2),
which appears precisely at the bare-muon Larmor frequency of
v, = yuB/27 (where y, = 27 x 135.538 79 MHz/T is the
muon gyromagnetic ratio and B is the magnetic field). The
position of this central line is temperature independent and
coincides with the single peak observed in a reference sample
(CaCOs); thus, it constitutes the signal from those muons
whose immediate environments are nonmagnetic. Satellite
lines represent signals from those muons that have different
magnetic environments. Positions of the satellites with respect
to the central line do not depend on a magnetic field and
correspond to two characteristic local magnetic fields at

0.02 F
0.01 7T
0 /l\m S A—w‘—lyxw
920 940 | 960 980
0.02 f

5T

0011y /\

0 P

640 660 680 700

[0}
S o002t 3T
=
5 0011 j\
E 0 wucw._\,_v:_/\ 71 Il/\;d*
O n n N
_ 380  400| 420 440
0 [
5 003+t
(o]
w002} 17
T 001
2 Lol
o 0 A S g L
100 120 40 160
0.03 |
0.3T
0.02 |

0.01 ¢ /\
An I

0 AP EIRA] T S A
10 20 30 40 50 60 70
Frequency (MHz)

FIG. 2. (Color online) Frequency spectraof muon spin precession

FIG. 1. (Color online) Temperature dependence of the magnetic
susceptibility of NaV,Os single crystals in magnetic fields at H =
0.1T.

in NaV,0s in different magnetic fields at 7 = 2 K. Each spectrum
is offset horizontally to place the bare-u™ frequency on the same
vertical line (green online).
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FIG. 3. (Color online) Frequency spectra of the muon spin
precession signals in NaV,Os in a magnetic field of 1 T at different
temperatures. Characteristic AF lines disappear above 10 K.

B, = B £0.17 T. The local magnetic field of 0.17 T is typical
for a muon at an interstitial position in various magnetic
materials,*

Figure 3 presents the evolution of SR spectra with
temperature. Satellite lines disappear above 10 K. Below
10 K, spectral weights of the satellite lines are identical
at the lower fields, and each amounts to about 1/2 the
spectral weight of the central line. Above 15 K, the spectral
weight of the central line doubles at the expense of the
satellite signals. We claim that such an evolution reflects an
AF phase transition at about 15 K, which results in three
magnetically inequivalent muon positions in the AF phase:
50% of muons in the nonmagnetic environment and the other
50% residing equally in the magnetic environment of the rwo
AF sublattices. The three main lines can result from a single
type of crystallographic muon site; the total spectral weight of
other features in the frequency spectra do not exceed 10% of
the overall spectral weight. Satellite lines are not seen in the
polycrystalline sample, which is evidence for strong anisotropy
of the local magnetic field. This latter fact and the results
presented in Figs. 2 and 3 suggest that the local magnetic
field is (anti)parallel to the ¢ axis, which also is supported
by the absence of muon spin precession in Ref. 27. Thus,
the geometry chosen in the current experiment is the most
convenient for the determination of the local magnetic field.

In NaV,0s, the exchange interaction between vanadium
ladders at high temperature J, = 35 K is rather high,*' which
might result in three-dimensional AF ordering. Nevertheless,
the spin-gap state persists below T, up to the highest applied
field of 33 T as A ~ 100 K is larger than J,.*> However,
formation of the spin-gap state in NaV;Os is intimately
connected to the charge ordering on the Trellis lattice (two-
dimensional frustrated coupled ladders), which does not allow
full charge ordering due to frustration.>* This fact makes up
the core of the model, which suggests charge ordering in
every other vanadium ladder.”* This results in differentiation

PHYSICAL REVIEW B 85, 094406 (2012)

of the spin subsystem into magnetic and nonmagnetic ladders
equally populated in NaV,Os which is fully consistent with our
experiment: Those muons, which reside within charge-ordered
ladders, find themselves in the nonmagnetic environment
of a spin-gap state, whereas, those muons that rest within
charge-disordered ladders experience an AF transition at
about Ty ~ 15K as a result of a weak exchange interaction
J, between disordered ladders. At low temperatures, J; is
reduced with respect to its high-temperature value due to
the intervening charge-ordered ladders and lattice doubling
at T,. According to the mean-field theory for a quasi-one-
dimensional quantum AF system,*® J, can be estimated as
J, ~ kpTy/[1.28/In(5.87/kpTy)] ~ 5 K, where kp is the
Boltzmann constant and J ~ 560 K is the exchange interac-
tion within the ladder.!® This value is consistent with J, ~
2-4 K calculated for the low-temperature phase of NaV,0s.*

Thus, we find coexistence of spin-gap and AF phases
in stoichiometric NaV,0Os below 15 K. As the muon is
a local magnetic probe, we cannot determine if this AF
ordering is a long-range transition or a local AF cluster
formation. However, the experiments of Refs. 25-27 indicate
a cooperative phenomenon rather than local clustering.

While staying bare and acting as a local magnetometer at
low temperatures, the muon does not stay bare at a higher tem-
perature: At temperatures above the AF transition, we observe
the spectroscopic signature of spin polarons in NaV,Os. As
shown in Fig. 4 as a function of magnetic fieldat 7 = 29 K, the
1SR spectra exhibit the characteristic two-frequency preces-
sion (doublet) in high magnetic fields***> (the low-frequency
line is a background signal whose frequency coincides with
that in CaCQOs). Such a doublet corresponds to two muon spin-
flip transitions between states with fixed electron spin orienta-
tion within the SP.*****> Amplitudes of the SP lines decrease
very rapidly above 100 K implying significantly reduced SP
formation probability in that temperature region. The charac-
teristic widths of the polaron lines are consistent with the muon
relaxation rate measured in a longitudinal magnetic field and
are assigned to spin fluctuations associated with the spin gap.”’

In insulators and semiconductors, the positive muon can
bind an electron to form a muonium (Mu) atom analogous
to a hydrogen atom in which the proton is replaced by a
muon.*** In the u*SR experiments on insulators®’>* and
semiconductors,~* each incoming 4-MeV muon injects a
very low (~ 10%) concentration of free carriers liberated during
its thermalization into the empty conduction band; one of those
electrons can be captured by the muon. A positive muon, thus,
acts as an attractive Coulomb center for electron localization.

In a magnetic system, the exchange interaction, 7, between
free electrons and localized spins creates yet another channel
for electron localization—the charge carrier localizes into a
ferromagnetic (FM) ‘droplet’ on the scale of the lattice spacing
in a paramagnetic (PM) or AF ‘sea’—a spin polaron.** In
this case, the long-range Coulomb interaction ensures initial
electron capture, whereas, the short-range exchange interac-
tion provides further localization into a bound SP (BSP) to the
muon. Formation of a BSP around a positive muon was demon-
strated recently in PM (Refs. 34 and 35) and AF (Ref. 45) hosts.

If a BSP were to form in a DS, the increase in the
electron kinetic energy due to localization would have to be
compensated by the on-site exchange interaction IS/2 of
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FIG. 4. Fourier transforms of the muon spin precession signal in
NaV,0s in different magnetic fields at 7' = 29 K. The low-frequency
line of each spectrum is a background signal; two other lines represent
two characteristic muon transitions (doublet) within a SP.

the electron with local spin S combined with the Coulomb
potential of the muon versus the energy NJS? required to
flip N local spins S with an effective exchange energy J to
produce a FM droplet within the radius R plus the entropy
change AW due to ordering within the SP so that the change
in the free energy,

P S 2 e aTAw
R 2 e TV W
has a minimum as a function of R—the radius of the clectron’s
confinement.*

The probability of SP formation around the muon depends
on the last two terms of Eq. (1): In a DS with low J, the
SP is expected to form, whereas, at higher J, the muon is
expected to stay bare and, therefore, may be used as a local
magnetic probe. In NaV,Os, a rather high value of J &~ 560 K
precludes SP formation in a fully developed DS. Instead, at
low temperatures, the muon stays bare and sees either an AF or
a DS environment (Figs. 2 and 3). By contrast, a SP bound to
the muon is formed in NaV,0s below about 100 K in the PM
state and remains present through 7. down to 20 K, which is
identified as the maximum temperature for a fully developed
DS.?! Above 100 K, the increasing entropy within the SP
reduces its stability and suppresses its formation, and the muon
stays bare. Polaron spectra in a polycrystal are almost the same
as in the single crystal, which indicates the 1s isotropic nature
of the BSP electron %

AF =
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FIG. 5. (Color online) Temperature dependence of the SP lines
splitting in a magnetic field of H =1 T.

The observed splitting between the two SP lines in NaV,0s
is linear in H/T (Figs. 5 and 6), consistent with a Brillouin
function in the small H/T regime and similar to observed
dependences for SPs recently characterized in various other
materials, #3549

An alternative interpretation of these spectra as arising from
asimple Mu atom can safely be ruled out as spin exchange with
the host’s spins*® would result in rapid spin fluctuations of the
bound electron, averaging the muon-electron hyperfine inter-
action to zero, which would cause effective doublet disappear-
ance. By contrast, when the electron spin is bound strongly into
a SP, the local FM ordering holds the electron spin fixed, which
manifests itself as a characteristic doublet, 343464850 T jke-
wise, the insulating nature of NaV,Os and a remarkable insen-
sitivity to the spin-gap transition at 7, allows one to rule out
possible Knight shifts within the bare-muon scenario. Finally,
a strong shift in the SP lines to higher frequencies with respect
to the background signal reflects the FM state within a SP.*
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FIG. 6. (Color online) Magnetic-field dependences of the SPlines
splitting at T = 29 K (stars, red online) and T = 40 K (circles, blue
online).
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V. SUMMARY

‘We have found a coexistence of spin-gap and AF states at
low temperatures, T < 15 K, in NaV,Os. At higher tempera-
tures, 20—100 K, we detected a SP bound to the muon.

PHYSICAL REVIEW B 85, 094406 (2012)
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Spin Polarons in the Correlated Metallic Pyrochlore Cd,Re,0,
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Muon spin rotation spectroscopy reveals localized electron states in the geometrically frustrated
metallic pyrochlore Cd,Re,0; at temperatures from 2 to 300 K in transverse magnetic fields up to
7 T. Two distinctive types of localized states, with characteristic radii of about 0.5 and 0.15 nm, are
detected at high and low temperature, respectively. These states may be spin polarons, formed due to
strong exchange interaction between itinerant electrons and the magnetic 5d electrons of Re ions, which
may determine the peculiar electronic and magnetic properties of Cd,Re,O;.

DOI: 10.1103/PhysRevLett.105.076402

Frustrated magnetic systems have been the focus of
extensive research for many years. In particular, there has
been a great deal of interest in systems where the magnetic
ions occupy the vertices of edge- or corner-sharing trian-
gular units [1]. In a 3D network of corner-sharing tetrahe-
dra, the spins occupy the corners of a tetrahedron and two
antiferromagnetic (AFM) bonds are broken when collinear
spins try to arrange themselves on the corners. Such 3D
networks occur for many spinel, Laves, and pyrochlore
compounds.

Insulating pyrochlore compounds A, B,0O,, where B is a
3d/4d transition metal, form ideal local moment systems
in which to study geometrical frustration. These studies
have revealed a variety of exotic ground states, including
cooperative paramagnetism at low temperatures [2], spin
freezing [3], or novel “‘spin ice” states [4,5].

Most recently, however, there has been growing interest
in the interplay between itinerant and local moments in 5d
transition metal A,B,0; systems. These are typically me-
tallic because the 54 orbitals are much less localized than
3d/4d electrons. In fact, most of the unique electronic and
magnetic properties of 5d pyrochlores Cd,0s,0; and
Cd,;Re,O; are believed to originate from interaction be-
tween itinerant carriers and local electrons of the same d
type [6-8].

To appreciate electron correlation effects, one has to
take into account the exchange interaction J between
itinerant carriers and localized spins. Such an exchange
interaction may dramatically modify the electron state via
electron localization into a spin polaron (SP) [9] which
markedly affects the effective mass of the carrier. In par-
ticular, recent muon spin relaxation studies of the 3d spinel
CdCr,Se, did reveal severe electron localization into a SP
[10]. On the other hand, the electron transport in Cd,Re, O
is believed to be governed by magnetic scattering [7],
which causes a large mass enhancement, suggesting

0031-9007/10/105(7)/076402(4)
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anomalous correlations [8]. In addition, NMR and nuclear
quadrupole resonance (NQR) studies have revealed a sig-
nificant ferromagnetic enhancement while ruling out any
magnetic order in Cd,Re,O; [11]. However, the mecha-
nism by which such correlations lead to a large carrier
mass and ferromagnetic enhancement has not been identi-
fied until now.

In this Letter we present spectroscopic evidence for
electron confinement in metallic Cd,Re,O;, which can
result in a mass enhancement accompanied by a ferromag-
netic enhancement. We propose that such an electron state
may be a spin polaron, which may help explain the elec-
tronic and magnetic properties of the metal.

Any confinement of an electron raises its kinetic energy
relative to that of a free carrier and is therefore very
unlikely unless some local interaction compensates for
such an increase. A well-known example is the attractive
long-range Coulomb potential of a positive donor ion (or a
positive muon) in semiconductors or insulators. In a metal,
the Coulomb potential is effectively screened; nonetheless,
electron confinement is still possible if the metal contains
an array of magnetic ions between which the electron
mediates a ferromagnetic (FM) exchange interaction. In
such a system, an electron’s energy depends strongly on the
magnetization, with the minimum electron energy being
achieved by FM ordering [12]: the electron will then
localize and form a FM “droplet” over the extent of its
wave function (typically on the order of the lattice spacing)
in a host that is otherwise AFM, frustrated, or disordered—
e.g., paramagnetic (PM). The charge carrier coupled to its
immediate FM environment behaves as a single entity—
the spin polaron.

In magnetic semiconductors (MS), the increase in the
kinetic energy of the electron (effective mass m”*, charge
—e) due to localization plus the entropy change AS due to
ordering within the SP is compensated by the exchange

© 2010 The American Physical Society
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interaction J and the Coulomb interaction with the corre-
sponding donor, so that the change in the free energy

72 B el

Moo e TS W

(where a is the lattice constant and & is the dielectric

constant) yields a minimum in F as a function of R—the

radius of the electron confinement into a bound spin po-

laron [12,13]. Such electron confinement in MS pro-

foundly modifies their magnetic, electrical, and optical

properties. In particular, the SP thus formed determines

most of the transport properties of MS, leading to resistiv-
ity changes of up to 13 orders of magnitude [12].

For magnetic metals, one can neglect the third
(Coulomb) term in the right-hand side of Eq. (1), thus
recovering the original idea of de Gennes [9] about carrier
confinement into a free SP. In this case, the length scale of
the problem is significantly reduced: in MS the long-range
Coulomb attraction of a positive donor ion ensures initial
electron capture while the short-range exchange interac-
tion provides further localization into a SP bound to the
donor, whereas in a metal, electron capture into a free SP is
ensured solely by the exchange interaction.

Bound SP have recently been detected in 4f [14] and 3d
MS [10], via muon spin rotation (s " SR) [15] spectroscopy
analogous to earlier studies of nonmagnetic semiconduc-
tors [16], which revealed the details of electron capture to
form a muonium (Mu = u*e™) atom (a light analogue of
the H atom) [17].

The current results constitute observation of a confined
electron state in a metal. The stoichiometric pyrochlore
Cd,Re, 05 is a rather poor metal near room temperature. It
exhibits at least 2 phase transitions below 300 K: a con-
tinuous transition from cubic to tetragonal structure at
T* = 200 K, which is accompanied by a continuous resis-
tivity drop by about 2 orders of magnitude towards low
temperature [7,8,18], and a superconducting transition be-
low about 1 K [19]. Below about 60 K, its resistivity
follows a 7? dependence characteristic of a Fermi-liquid
regime [7] with an electron mean free path of 81 nm at 2 K
[8], suggesting very weak electron scattering in the con-
duction band. The number of such electrons, however, does
not exceed 6% of the Re electrons [8]. The states of the
remaining majority of electrons still need to be identified.
(Various band structure calculations [20] do not appear to
imply any anomalous correlation effects.)

Single crystals of Cd,Re, O, for the current study were
grown by a vapor-transport technique; details of the syn-
thesis and initial characterization are described elsewhere
[21]. Time-differential x*SR experiments using 100%
spin-polarized positive muons implanted into these crystals
were carried out on the M15 surface muon channel at
TRIUMF using the HiTime x* SR spectrometer.

At high temperature, in magnetic fields transverse to the
initial muon polarization, Fourier transforms of the ¥ SR
time spectra exhibit two broad peaks, one on either side of

a narrow line [Fig. 1(a)]. The position of this central
narrow line does not depend on temperature and occurs
exactly at the bare muon frequency v, =y, B/2m (where
v, =27 X 135.53879 MHz/T is the muon gyromag-
netic ratio and B is the magnetic field); this is the back-
ground signal from muons that stop outside the sample.
The two broader lines split about the background signal
constitute a characteristic signature of the muon-electron
bound state [10,14-16]. The solution of the Breit-Rabi
Hamiltonian which governs a pw*e™ (Mu) spin system
yields 4 eigenvalues (due to 4 possible combinations of
u” and e~ spins) corresponding to 4 energy levels with
different allowed transitions. In high magnetic field, the
two allowed transitions correspond to two muon spin-flip
transitions between states with fixed electron spin orienta-
tion [15,16]. The frequency splitting between these two
transitions grows with the field until the muon Zeeman
splitting greatly exceeds the muon-electron hyperfine cou-
pling constant A, then the splitting between these two lines
saturates at A [10,14]. For a 1s Mu atom in vacuum, with
R = Rgopr = 0.053 nm, A,,. = 4463 MHz; for “shallow”
Mu atoms in solids, A << Ay, and the value of A scales as
1/R3, which gives a measure of the characteristic radius R
of the electron confinement [15,16]. In Cd,Re,O; at
around 150 K, we find A = 5 = 0.5 MHz, implying R =
0.51 = 0.02 nm, which corresponds to electron confine-

0.016 —
0.014 |
%omz— (@)
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Man  ngpl
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FIG. 1. Frequency spectra of muon spin precession in
Cd;Re;0; in a transverse magnetic field of H=5T at
T=150K (a) and T = 2.4 K (b). The two-frequency or four-
frequency precession patterns characteristic of the electron
bound state occur at frequencies on either side of the nar-

rower background signal. Note different frequency scales for
(a) and (b).
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ment within one unit cell of Cd,Re,0; (lattice constant
a = 1.022 nm). At higher temperature these two Mu lines
exhibit a smaller splitting following the 1/7 behavior
observed in MS [14].

Similar states with the electron confined in a 0.3—0.5 nm
FM droplet around a positive muon (large SP) are found in
PM states of CdCr,Se,, EuS, and SmS [10,14], or in the
AFM state of LiCu,0, [22], all of which have been iden-
tified as magnetic (spin) polarons. However, these materi-
als are either semiconductors or insulators, where the
Coulomb interaction has an important role in electron
localization. In Cd,Re,05, the high (~10%-10%! ecm™3)
concentration of itinerant carriers [8] ensures that the ex-
change interaction dominates electron localization, thus
reducing the role of the positive muon to that of an “in-
nocent bystander.”” Nevertheless, in both cases the ob-
served species are believed to be magnetic polarons. In a
PM and/or metallic environment, the strong pair exchange
interaction of the Mu electron with the host’s itinerant
spins (so-called “‘spin exchange” [16]) would result in
rapid spin fluctuations of the Mu electron, averaging the
hyperfine interaction to zero, if some stronger interaction
did not hold the Mu electron spin ‘“‘locked.” That stronger
interaction is in this case the exchange interaction of the
Mu (SP) electron with the host’s local spins. The mere
observation of Mu-like lines in the w*SR spectra of a
magnetically disordered metal is strong evidence for SP
formation.

At low temperature, the w™SR spectra consist of 5
signals—inner and outer pairs roughly centered on the
background (“‘bare” u™) signal [Fig. 1(b)]. The splittings
of both pairs of lines are dramatically increased with
respect to that of the high temperature lines. The evolution
of these signals is shown in Fig. 2: above about 20 K, all 4
lines begin to approach the central line, decreasing the
splittings (Fig. 3), while each line broadens until it dis-
appears above 60 K.

Two pairs of lines may mean formation of two kinds of
SP in CdyRe,0; at low temperature; an alternative possi-
bility is discussed below. In the high-field limit at 2.4 K,
these splittings level off at corresponding hyperfine fre-
quencies [10,14] of A} =233 =5 MHz and A, = 168 =
5 MHz (see Fig. 4). Assuming a 1s state for the confined
electron (neither p nor d electron states can produce a
significant hyperfine field on the muon), the corresponding
radii of electron confinement are R; = 0.14 = 0.01 nm
and Ry = 0.16 = 0.01 nm, respectively. These radii are a
factor of 3 smaller than that of the proposed large SP in
Cd,Re,0O; at high T, suggesting that the electron state
found below 60 K is fundamentally different from that at
higher temperature. It is noteworthy that 7= 60 K has
been identified by both transport and susceptibility mea-
surements as a “‘critical temperature” below which the
itinerant electron density of states is significantly reduced
[7,11]. We propose that the “missing” itinerant carriers are
being “dressed” by Re spins into small SP states.
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FIG. 2 (color online). Frequency spectra of muon spin preces-
sion in Cd;Re,05 in a transverse magnetic field of H =5 T at
different temperatures. The large splitting decreases towards
high T and disappears above about 60 K.

Extensive studies of spin polarons in magnetoresistive
perovskites, MS, and related compounds by different tech-
niques [14,23-25] have revealed that the SP expands at low
T. Therefore, the appearance of a much smaller SP in
Cd,Re,05 below 60 K requires explanation. Stronger elec-
tron confinement at low temperature is impossible unless
some very local interaction compensates for the increase of
the carrier kinetic energy, and yet the SP radius of about
0.15 nm is consistent with its accommodation within the
Re tetrahedron. Indeed, the Re-Re distance of 0.317 nm
[21] might ensure a maximum overlap of the 1s SP electron
with a 54 Re electron having a typical span of r =
0.058 nm [26], which would provide the maximum J. If
an AFM Re-Re singlet bond is broken by a Re spin flip to
form a FM Re-Re triplet bond, the corresponding reduction
of energy might then stabilize the SP electron within the
tetrahedron.

As the exchange coupling between itinerant carriers and
local spins of the same 54 type within the SP is the
dominant interaction leading to electron confinement, the
role of the muon as a localization center seems to be quite
modest. We suggest that at low temperature the host lattice
is populated by small SP which form an extremely narrow
SP band where the transport of the carrier is accompanied
by deviations of Re spins [9,12,27] (hence the unexpect-
edly large NQR 77! of Re [11]). The large SP [Fig. 1(a)] is
expected to be static, the population of the electron spin-up
and spin-down Breit-Rabi states being determined by a
thermal (Boltzmann) distribution. In that case, the
Zeeman splitting of the giant aggregate spin of the large
SP (about 30 spins of Re, each carrying 2.8 Bohr mag-
netons) amounts to about 280 K in H = 5 T. Therefore,
even high temperature is unable to equilibrate the unequal
populations of spin-up and spin-down states as manifest in
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FIG. 3 (color online). Temperature dependences of hyperfine
splittings in Cd,Re;O; at H =5 T.

the strong amplitude difference between the two lines
[Fig. 1(a)]. By contrast, at low temperature, the classical
Boltzmann distribution breaks down and is replaced by a
uniform distribution among different quantum states
within the small SP band, making the spectral weight of
different lines about the same [see Fig. 1(b)]. Formation of
such a narrow SP band could explain the peculiar elec-
tronic and magnetic properties of Cd,Re,0;: a large elec-
tron mass enhancement [28] and ferromagnetic en-
hancement [8,11] are both consistent with the formation
of ferromagnetic SP.

Finally, we would like to offer an alternative interpreta-
tion of the 4-signal spectra at low temperature [Figs. 1(b)
and 2]: while one pair of lines may reflect formation of a
SP, two pairs might be a spectroscopic signature of a spin
bipolaron (SBP). Such a SBP cannot form as a singlet:
capture of the second electron to make a singlet with the
first one would destroy the FM droplet (eradicating the
energy reduction thereof), so that an opposite-spin electron
avoids localization. It may, however, form in a triplet state,
making the FM droplet larger, which decreases the muon-
electron hyperfine interaction with respect to that in a
simple SP, so that the splitting between the two lines
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FIG. 4 (color online). Magnetic field dependence of hyperfine
splittings at 7 = 2.4 K, from fast Fourier transform. Error bars
represent apparent peak widths.

becomes smaller (see Figs. | and 2). Bose condensation
of such SBPs [27,29] might cause the superconductivity
detected below 1 K [19]. On the other hand, spatial anisot-
ropy of the SP electron wave function might also explain
the 4-signal pattern [16].
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