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ABSTRACT OF THE DISSERTATION
Exploring Heavy Fermion Materials near a Quantum Critical Point
by

Sooyoung Jang
Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2015
Professor M. Brian Maple, Chair

Results for two categories of heavy fermion systems: (1) a new type of
non-centrosymmetric heavy fermion system RoT M3 Pn; (R = rare earth, TM =
transition metal, Pn = P, As), and (2) Yb substitution in CeColns, which is a
heavy fermion superconductor, Ce;_,Yb,Colns, are described. The phenomena
seen in the system RyT'Mi3Pn; are discussed in terms of strong hybridization
between the localized f-electron states and the conduction electron states, such as
a crossover between Fermi liquid and non-Fermi liquid behavior in YbyNijsP7, or
the presence of a large value of the Sommerfeld coefficient, v ~ 650 mJ/mol Sm
K? in SmyNijpP7. The extraordinary electronic phenomena found in the system
Cei_,Yb,Colns include Yb valence fluctuations, a change in the Fermi surface
topology, and suppression of the quantum critical field occurring at a nominal
concentration of x ~ 0.2. However, the suppression of the superconducting critical
temperature with nominal Yb concentration x for bulk single crystals is much
weaker than that observed in thin film samples. The actual Yb composition of bulk
single crystals is found to be about 1/3 of the nominal concentration, resolving the
discrepancy between the variation of the physical properties of Ce;_,Yb,Colng

single crystals and thin films with Yb concertrations.
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Chapter I

Introduction

I.A Strongly Correlated Electron Behavior

I.A.1 Kondo effect

In the 1930s, a resistivity minimum was observed at low temperatures for
nonmagnetic metals (such as Au, Cu) which contained small amounts of magnetic
impurities (such as Fe). [1, 2] This behavior is now known as the “Kondo effect” in
which conduction electrons of a metallic host are scattered by magnetic impurity
ions via the exchange interaction.

The schematic diagram of the resistance minimum is displayed in Fig-
ure I.1. The temperature dependence of the resistance, R(T"), shows a logarith-
mic increase upon cooling below a minimum temperature, Rrya ~ -In(7"). Even
though the lattice contribution to the resistance (Rpattice) 1S decreased with de-
creasing temperature, the total resistance (Rrota1) passes through a minimum at a
certain temperature due to the increase in resistance with decreasing temperature

caused by magnetic impurity scattering (Ruagnetic impurity) -



Resistance

RMagnetic impurity

Temperature

Figure 1.1: Schematic of the “Kondo effect”. The total resistance (Rrotar) is the
sum of the lattice contribution (Rpattice) and the magnetic impurity contribution

(RMagnetic impurity ) .



There is a long history for explaining this observed minimum in resis-
tivity in dilute alloys, the so-called Kondo problem. Although this phenomenon
was reported in the 1930’s, theoretical progress was not made until Jun Kondo
explained the resistance minimum by using perturbation theory based on the s-d
model. [3] An Anderson model was subsequently proposed, [4] by using scaling the-
ory, [5] in which the thermodynamic functions are governed by the single energy
scale, Tkondo- In 1966, J. R. Schrieffer and P. A. Wolff [6] demonstrated that the
s-d Hamiltonian is analogous to the Anderson model in the case of two spin states
which are introduced by on site Coulomb repulsion that are well separated from
the Fermi energy Er. Lastly, the renormalisation group was advocated by K. G.
Wilson. [7] Along these lines, the Kondo problem is consistently understood.

Since the s-d exchange Hamiltonian describes the single impurity model,
it can be used for explaining Kondo behavior in the electrical resistivity, magnetic

susceptibility, and specific heat for T' > Tk which are given by:

pr(T) = AJ*S(S + 1)[1 — JN(Ep)log(D/kgT)], (L1)

(guB)*S(S +1) 2JN(EF)
3kpT =1z 2JN(Ep)in(ksT/D)

Xk (T) = + ..., (I.2)

2kpS(S + 1)(2IN(Ep))?
Cx(T) = B2 TN (B )in(kp T/ DY (13)

where N(FEF) is the electronic density of states for the conduction electron band
at the Fermi energy, N(Er), and D is a cut-off that roughly corresponds to the
conduction electron band width. Since it diverge at T' = Tk, these perturbation
calculations hold only for T' > Tk. In a Kondo impurity system, the interac-
tions between impurities are relatively small and the impurity ions that carry

the magnetic moments act as independent scatterers at high temperatures. At



low temperatures (T < T), the electrical resistivity saturates to a constant value
known as the unitarity limit. [8] As the temperature decreases through Tk, a many
body singlet ground states gradually forms in which the magnetic moments of the
impurity ion is completely screened away at T" = 0 K; i.e., the net magnetic mo-
ment vanishes and the ground state is nonmagnetic. The ground state behaves as

a Fermi liquid in which the p(T"), C(T'), and x(7) have the following dependences,

p(T) = p(0)[1 — (T/Tx)?], (1.4)
C(T)/T — ~, = constant, (L5)
X(T) = xo = constant, (L.6)
Xo/Y0 ~ 2. (1.7)

On the other hand, for a Kondo lattice, in which the ions that carry a
magnetic moment occupy ordered sublattice in the compound, the ions become
equivalent when the magnetic moments are compensated by the conduction elec-
tron spins as a results of the negative exchange interaction and the resistivity
decreases precipitously with decreasing temperature, below a characterisitic “co-
herence temperature” which is often taken to be the temperature where p(7) is a
maximum. The terminology “coherence temperature” refers to the formation of
the coherent Kondo lattice ground state which can has an enormous value of the
7 that can be equal to several J/mol K2. Such a large value of the + corresponds
to the effective mass of several hundred times of the free electron’s mass. So these

materials are often called heavy fermion compounds.



I.A.2 Fermi Liquid Theory

Fermi liquid theory was proposed by Landau to describe the low temper-
ature properties of 3He. [9, 10, 11] Landau explained Fermi liquid theory based
on the concept of quasiparticles which describe the elementary excitations of an
interacting fermion system. When the particles (electrons in this case) are in-
teracted one another, they form a quasiparticle with an effective mass m*. This
situation can be explained by a free electron model and account for systems such
as 3He, [12] simple metals (e.g., Cu), and heavy fermion materials even with their
strong electronic correlations. Taking account of a few additional parameters, such
as the effective mass of an electron which is related to the residual quasiparticle
interaction, a Fermi liquid can be considered as a free electron gas. For instance,
the Sommerfeld coefficient of the electronic specific heat, Pauli-magnetic suscepti-
bility, and the power laws for electrical resistivity have the specific conditions or

values for temperatures well below the Fermi temperature:

c(T m* L
O = (o =1, where 70 = (CE2)N () (18)
m*
X(T) = (m )1 —|>—(OF‘“ where xo = p5N(Er) (1.9)
e 0
p(T) = po + AT?, (1.10)

where kg, N(EF), pp, F§', and m, refer to the Boltzmann constant, the electronic
density of states at the Fermi energy, the Bohr magneton, an additional Landau
parameter, and the free electron mass, respectively. Thus, at low temperatures,
v (= C/T) and x become constant and the electrical resistivity fits to the 7
temperature dependence. For typical metals, m*/m, ~ 1-10 and 7y ~ 1-10 mJ/mol
K2,

The phonon contribution should be taken into account and subtracted



from the data when considering the electronic behavior. The lattice contribution is
caused by phonon scattering (lattice vibration), which for most materials, becomes
dominant as temperature is increased and enhances quantities for C(7")/7 and
p(T). In the case of the Debye model, it assumes that the vibrations are quantized
in a solid and can be described by plane waves in a box; in this case, the specific
heat is given by,

4
Cphonon(T') = %(%)3 (I.11)
for T'< 0p /10, [13] where N4 is the Avogadro’s number, kg represents Boltzmann’s
constant, and #p is the Debye temperature. 6p is usually a few hundred kelvin for
typical metallic systems. Even though complicated situations are typical for most
real materials, a wide range of systems can be well described by using this simple

model.

I1.A.3 Heavy Fermions

Heavy fermion compounds have received attention for nearly four decades
since the discovery of the compound CeAls. [14] Heavy fermion compounds are usu-
ally comprised of actinides, like U, or rare earth elements with valence instability,
particularly Ce and Yb and, sometimes, Pr, which have partially filled f-electron
shells and hybridize strongly with the conduction electrons at low temperatures.
Due to this strong hybridization between f- and d-electrons, the effective mass of
electrons can be on the order of 1000 times of the free electron mass, hence, the
name “heavy fermion”. The Sommerfeld coefficient, 7, can be near 1 J/mol K? i.e.,
three orders of magnitude larger than that of typical metals, like Cu. The direct
evidence for the existence of heavy fermion can be established from the observation
of quantum oscillations in de Haas van Alphen (dHvA) measurements. [15] Various
ground states have been observed in heavy fermion materials, such as long-range
magnetic ordering for Celng, [28, 17] CeCuyGey, [18] coexistence of magnetic or-

der and superconductivity for UPdyAls, unconventional superconductivity [19]



for UBey3, CeColns, and so called hidden order in URuySis. One of the most in-
teresting and unexpected phenomenon is unconventional superconductivity. The
discovery of superconductivity in CeCusSiy [21] unlocked a new perspective of
emergent phenomena which indicate the pairing of the heavy particles. [22]

The Wilson ratio (Ry) [7] and the Kadowaki-Woods ratio (Riw) [23]
are useful for characterizing Fermi liquid behaivor. Below the effective Fermi tem-
perature, T}, the behavior of the magnetic susceptibility and specific heat are
dependent on the density of state at the Fermi energy. The ratio of magnetic
susceptibility and the Sommerfeld coefficient of specific heat is a dimensionaless

quantity, the Wilson ratio, Ry, and it can be defined as: [7]

™ kg xo, (L12)

Ry = (
:Ugff 7o

For a free electron gas, Ry is 1. Experimentally, Ry, is typically between 1 and 2
for heavy fermion systems due to the electronic correlations.

The temperature dependence of electrical resistivity predicted by Fermi
liquid theory is: p(T) = po + AT?. Here, the coefficient A can also be scaled with
the Sommerfeld coefficient: [23]

A

This expression is called the Kadowaki-Woods ratio. Rxw can take on values in
the range from 107° pQcem (mol K/mJ)? to 1077 uQem (mol K/mJ)? depending

on the degeneracy of the f-electron configuration, N. [24] Then, R can be fixed

to [23]: ) 105
< 10-

R = —=——— " 119 1K /mJ)>. 1.14
KW 2 1NN = 1) uQem(mol K /mJ) (I1.14)



I.LB Quantum Criticality

1.B.1 Doniach Diagram

The overall behavior of a heavy fermion system can be well explained by a
generalized Doniach phase diagram, which describes the competition between the
Kondo effect and the RKKY interaction. The Kondo effect, which is responsible for
the quenching of the local f-electron moments via the screening by the conduction
electrons, [27] can be characterised by an energy scale;, Tk ongo < exp(—1/JN(EF)).
The RKKY interaction, which promotes either long- or short-range magnetic or-
dering, [25, 26, 27] can be described with energy scale, Trxxy o J2g(Er). Here,
N(EF) represents the density of states of the conduction electrons at the Fermi en-
ergy and J is the antiferromagnetic interaction between the impurity spins and the
conduction electrons. The localized moments and the conduction electrons keep
their properties and weakly interact with each other at high temperatures. In con-
trast, at low temperatures, there are two scenarios: (1) when the RKKY interaction
is enhanced relative to the Kondo energy, magnetic ordering emerges, (2) when the
Kondo energy is large relative to the RKKY interaction, heavy quasiparticles are
formed in a Fermi liquid state which are composites of localzied impurity spins and
conduction electrons.[34] The overall physics can be described by the well-known
“Doniach phase diagram”.[25] When both the RKKY and the Kondo interactions
are of comparable magnitude a quantum critical point (QCP) has emerged in this
region. The description of the low-temperature state is an intriguing question that

remains poorly understood and is the subject of current active research. [27]



TKondo
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Figure 1.2: Doniach phase diagram, Temperature, T, vs. JN(Ep). AFM-
antiferromagnetic ordering, FL-Fermi Liquid, Ty-Néel temperature, Tkonqo-Kondo
temperature, Trxky-characteristic RKKY interactive temperature, J-intra-atomic

exchange interaction, N(FEr) density of state at the Fermi level.
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Fermi liquid behavior was originally predicted by Doniach in the region
above the suppression of magnetic order shown in the diagram. More recently, the
Doniach diagram might include a non-Fermi liquid (NFL) region in the vicinity
of a QCP which is related to the suppression of magnetic order to zero temper-
ature as depicted in Figure 1.2. A number of experiments on compounds, such
as CePdsSiy, [28, 29] exhibit this non-Fermi liquid behavior near a QCP. Simi-
lar phase diagrams and physical properties are achieved in other systems through
tuning the control parameters, such as composition, pressure, and magnetic field.

A QCP, which can be defined as a point where the temperature of a phase
transition of a system is zero, is the result of the competition between the Kondo
effect and the RKKY interaction. RKKY interaction is dominant for small JN(Ep)
and potentially induces magnetic ordering, whereas increasing JN (Er) leads to the
screening of the magnetic moments as the result of the Kondo effect. [25] Due to the
competition between the Kondo effect and the RKKY interaction, the transition
temperature of a system will be zero at a certain JN(Er), [JN(EF)].. When the
transition temperature is close to zero, the thermal fluctuation will be diminished
and the quantum fluctuation becomes dominant.

There are several ways in which the QCP can influence the finite tem-
perature behavior. In the case of Celnz, the QCP is buried by the emergence
of an unconventional superconducting state and can be introduced by applying
pressure. It is also widely believed that the high temperature superconductivity
observed in the cuprate superconductors is the result of a QCP. Instead of re-
lying on the conventional phonon pairing mechanism to explain unconventional
systems, an alternative scenario is that the superconductivity is mediated by ex-
citations which are related to the QCP, such as spin fluctuations. In addition to

superconductivity, non-Fermi liquid behavior is often observed in the vicinity of a

QCP. [30, 31, 32, 33, 34, 35, 306]



11

I.B.2 Non-Fermi liquid behavior

In recent years, an intense research effort has been focused on the in-
vestigation of intermetallic compounds which violate Fermi liquid theory. These
experiments revealed materials that exhibit the so-called NFL behavior and are
usually Ce, U, or Yb-based heavy fermion compounds in which the magnetic sus-
ceptibility, specific heat, and electrical resistivity are characterised by weak power
law or logarithmic divergences at low temperatures. For example, Y;_,U,Pd3 sys-
tem has been studied by Seaman et. al. [36] in 1991, who reported measurements
of electrical resistivity, magnetic susceptibility, and specific heat and found that
their electron-electron interactions are too strong to act as the Fermi liquid ground
state at low temperature. The results of these measurements contradict Landau’s
Fermi liquid model and initiated an intense theoretical and experimental effort to
understand NFL behaviour in d- and f-electron inter-metallic compounds. NFL
behavior in f-electron systems can be characterized by weak power-law or loga-
rithmic temperature dependences of the physical properties at low temperatures

T < Ty and can be summarised as follows:

p(T) o [1 — a(%)”] (n~1-15), (L15)

ory 1, T, i
— & —Toln(TO)OTT (A~ 0.7—0.8), (1.16)
v o [1— sz], —ln(%)orTlH (A~ 0.7—08). (L17)

In several of those systems, the scaling temperature T, can be identified
with the Kondo temperature Tk. [1, 37] NFL behavior is often observed for a wide
variety of f-electron compound, including CeRhlIns, Celns and CePdsSi, which ex-
hibit the suppression of antiferromagnetic ordering by pressure. Another example

of NFL behavior occurring near a QCP are the high-T, cuprate superconductors
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in which both an antiferromagnetic transition and a pseudogap are suppressed by
electron or hole doping. [33] Although a number of models [33] have been proposed
to explain the origin of NFL behavior, the underlying basis for these models revolve
around one or some combination of three principal themes: a) single ion Kondo
effects, b) disorder, and c¢) vicinity of a T' = 0 K phase transition, quantum critical

point.
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Chapter 11

Experimental Details

II.A  Sample Synthesis

II.A.1 Flux Growth

The flux method [1] is a useful tool for making single crystals. Since
the metallic flux can induce a lower melting point, the flux method is well suited
for some elements with high melting points. The quality of single crystals are
better than polycrystals due to the fact that single crystals have less impurities
and thermal strain. Single crystals are preferred also because single crystals are
able to provide information of anisotropy. In addition, crystals can be grown in
a clean environment since the metallic molten flux collects potential impurities
and excluding them from the single crystals. Despite of the many advantages
in using the flux growth method, it is not always a suitable method for single
crystal synthesis. Some flux type can also participate in crystal growth and forming
second phases or impurities. However, this problem can be alleviated by adjusting
the ratio of starting materials as well as cooling curves while cooling the melted
material though this procedure can be complicated. Furthermore, crystals are
sometimes grown around a pocket of flux. This effect can be minimized by choosing
the proper etching liquid to get a clean single crystal.

Single crystals of RyT15Pn; (R = rare earth, T' = transition metal, Pn =

14
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P, As) were grown in a molten Sn flux with the ratio R:7T:Pn:Sn = 1:4:2:30 using
elements with purities of 99.9% or better. The starting materials were sealed under
an Ar-atmosphere of ~ 250 Torr in a quartz tube, heated to 1150°C, dwelled for
24 hours, and were allowed to cool slowly to 600°C over 168 hours. Excess Sn
flux was spun off using a centrifuge and residual Sn on the surface of the crystals
was etched away with dilute HCI. In this way, needle-shaped single crystals were

obtained with typical dimensions of 4 x 0.1 x 0.1 mm? as shown in Fig. II.1.

Figure II.1: A single crystal of YbyNijoP7 grown using a Sn flux method. with
four electric contact for resistivity measurement. Inset shows zoom in picture of
YhsoNijoP7 to describe hexagonal structure.
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The Ce;_,Yb,RhlIns alloys and Ce;_,Sm,Colns alloys can be grown by
the In- self flux method using an appropriated temperature profile. The general
procedure of making single crystals using the flux method is the following: sto-
ichiometric amounts of elements with flux are put in a crucible made of AlyOs;
then the crucible is put into a quartz tube with some quartz wool and sealed off
under vacuum. It is known that AlyO3 has a larger thermal expansion coefficient

than quartz.

II.B Characterization

II.B.1 Energy Dispersive X-ray spectroscopy (EDS)

Exact chemical concentration for the sample is essential for sample syn-
thesis. Energy Dispersive X-ray (EDS) is a useful tool for investigating each ele-
ment concentration in the grown material. It provides qualitative and quantitative
identification of elements in samples without damage to the sample. When multiple
elements are included in the samples, the minor element signal is too weak to deter-
mine the exact amount of the ratio yielding less than reliable results. Nevertheless,

it is still one of the most effective way to understand chemical concentration.

11.B.2 Powder X-ray Diffraction

X-ray diffraction is a tool used for identifying the atomic and molecular
structure of a crystal. An X-rays beam is incident to the sample and the lattice
of atoms causes the beam to diffract into many specific directions. It provides
some useful information about the crystal structure, such as a three dimensional
picture of the density of electrons, chemical bonding length, and their disorder,
by measuring the angle and intensities of these diffracted beams. Powder X-ray
Diffraction measurements require proper preparations of the X-ray slide. An X-ray
side is made by mixing a few milligrams of powderzied sample with petrolatum

jelly to form an opaque paste and then spread out broadly over the slide with even
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thickness. Alternatively, it is possible to double-side affix tape to the glass slide,
and then cover the tape with powderized crystal. The X-ray powder diffraction
data, in this thesis, were made at room temperature using a Bruker D8 Discover
diffractometer. Monochromatic X-ray were generated by a rotating copper anode
which produces Cu-K, X-ray radiation; this X-ray radiation passes through all
the possible orientations of the powdered single crystals during which the detector
and sample mount span a part of the Ewald sphere. When the diffraction pattern
satisfies Bragg’s law, nA = 2dsinf, for any electron plane, one can extract a value
of 2-0 and the intensity as a result. These results were analysed by the Rietvelt
method and the program suite GSAS was useful in order to calculate the lattice

constants. [2]

II.B.3 Electrical Resistivity

Electrical resistivity, p, was measured as a function of temperature 7" be-
tween 300 K and 1.2 K in a “He cryostat upon applying current, typically 0.1 mA.
The data below 1.2 K, down to 0.05 K, were made of using a *He-*He dilution re-
frigerator. In order to make electrical contact to the samples, gold or platinum wire
was attached to the samples with silver epoxy or silver paste for a traditional four-
wire measurement. The resistance was measured with an AC resistance bridge.
The resistance data are converted to resistivity, p, using the geometrical factor (p
=RA/L, where A is the cross-sectional area and L is the distance between the

voltage leads).

11.B.4 Magnetization

The magnetization measurements were made with a Quantum Design
SQUID magnetometer. Magnetic susceptibility as a function of temperature was
performed from 400 K to 1.8 K and magnetization as a function of field was
obtained up to 7 T. A straw was used for holing each sample in the sample space.

The straw is a diamagnetic material which gives a diamagnetic signal but usually
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negligibly small compared with the sample’s signal. In the case of poly-crystalline
samples, a gel capsule with a hole is put into the straw; the sample is included in
the gel capsule. Tape was used for making single crystal samples; one or sometimes
a mosaic of single crystals were put on the tape and inserted into the straw. In the
case of the Ce;_,Yb,RhIns and Ce;_,Sm,Colns systems, which have a tetragonal
structure, and the RsT75Pn; system which has a hexagonal structure, there are
a differences between the in-plane measurement (ab-plane || uoH) and the out of

plane measurement (c-plane || poH).

II.B.5 Specific Heat

The specific heat data were obtained with a PPMS from Quantum Design
which can apply magnetic field up to 9T. The heat capacity is measured by using
a thermal relaxation technique at constant pressure. A known amount of heat
is applied to a sample and then temperature change is measured when the heat
is released from the sample. The heat capacity puck consists of several parts,
including a thermometer, a heater, a platform and small wires which connect the
puck frame to the platform. A vacuum ensures that the thermal conductance
between the sample platform and thermal bath (puck frame) is dominated by the
conductance of the wires. This allows both the platform and sample to achieve

sufficient thermal equilibrium during the measurement.
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Chapter III

Crossover between Fermi liquid
and non-Fermi liquid behavior in
the non-centrosymmetric

compound YboNijoP~

ITITI.A Introduction

For more than four decades, rare-earth intermetallic compounds contain-
ing Ce, Pr, Sm, Eu, Tm, Yb, and U have received considerable attention due
to their unusual properties, which are generally related to, or consequences of,
an f-electron valence instability. The low-temperature properties are associated
with hybridization of the localized f-electron and conduction electron states [1]
as described by the Friedel-Anderson model. [2] There are many models for this
subtle electronic state that are neither localized nor truly itinerant, but a common
feature is the existence of a characteristic energy scale kgT™ that delineates high-
temperature magnetic (Curie-Weiss law) behavior from low-temperature nonmag-
netic (Pauli-like) behavior of the f-electrons. When the strength of the hybridiza-

tion is especially large, the f-electron shell may fluctuate between two 4 f electron

20
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configurations 4f™ and 4", where n is an integer. The unit-cell volume of a
system with rare-earth ions in such a valence-fluctuating state [3] is intermediate
between those of the integral-valence states. This results in a deviation of the unit
cell volume from the corresponding volumes of trivalent lanthanide ions associated
with the lanthanide contraction. Furthermore, the electrical resistivity, p(T), of
valence fluctuating systems typically shows a quadratic temperature dependence
at low temperature and a shoulder in p(7") at high temperatures. [3, 4, 5, 6]

YD has an ambivalent character in several metallic compounds, (i.e., the
state of Yb cannot be described as purely Yb3* (4f'3) nor Yb*"(4f1)). [7] In
particular, Yb compounds attract a great deal of interest because the trivalent
Yb ion can be thought of as the 4f hole counterpart of the Ce®* ion, which has
one electron in its 4f shell. As in the case of Ce compounds, [8] the Yb-based
intermetallics exhibit a rich diversity of physical properties that are not completely
understood. [9]

The low-temperature ground states, and the quantum phase transitions
between them, of f-electron compounds are frequently quiet interesting. Quan-
tum phase transitions, or quantum critical points (QCPs), and their effect on the
physical properties at finite temperatures have attracted considerable attention
since the 1990’s. [10] In metallic systems, strong deviations from Fermi-liquid (FL)
behavior in the neighborhood of a QCP have been observed and are manifested by
pronounced non-Fermi-liquid (NFL) behavior. For example, C, /T, the electronic
contribution to specific heat, C, divided by temperature, T, shows characteristic
-InT" behavior at low temperatures instead of being temperature independent. In
such systems, the electrical resistivity, p, is proportional to 7" with an exponent of
n = 1- 1.5 instead of the FL result where n = 2. [11] While a large number of Ce-
and U-based heavy fermion (HF) systems have been discovered and thoroughly
investigated [10] there are few Yb-based HF systems in which the low-temperature
ground states have been studied. Only a few of them order magnetically and are

located near a magnetic QCP, and there seem to be no examples of an Yb-based
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system that is close to a QCP but does not order magnetically. These factors
motivated us to look for Yb-based systems situated close to the boundary of NFL
and FL regions.

Compounds with the non-centrosymmetric ZrsFe;sP7 - type hexagonal
crystal structure (space group P6) with the general formula LnyTioPny (where Ln
= lanthanide, 7" = transition metal, and Pn = P or As) have been studied for
the past 50 years. [12, 13, 14, 15] Most of these studies have involved efforts to
synthesize the materials and study their crystal structure, so that their physical
properties are still mostly unreported. Recently, some interesting correlated elec-
tron behavior has been reported for several compounds in this structure, such as
heavy fermion behaviour and ferromagnetism in SmyFe 5P, [16] and local moment
antiferromagnetism in UyFeoP7. [17] The temperature-magnetic field phase dia-
gram in YbyFeisP7, which exhibits a crossover from one non-Fermi liquid (NFL)
regime at low magnetic field to a distinct NFL regime at higher field, is particularly
notable. [18] This unconventional behavior in the YbhyFe 5P compound may stem
from spin-chain physics.

The physical properties of YboNijoP; were first studied by Cho et al.
using a polycrystalline sample which included about 8% of YbyO3 impurities. [19]
The main result of that study was to identify an intermediate valence (IV) state for
Yb in YbyoNijsP7, where the valence of Yb was estimated to be about 2.79 based
on analysis of magnetic susceptibility data. [19] Recently, electrical resistivity, p,
specific heat, C, and magnetic susceptibility, x, measurements were reported for
single crystals of YbyNijoP7. [20] These results were largely consistent with those
from the polycrystalline sample, and further suggested that YbyNijoP; exhibits
correlated electron behavior with a probable IV Yb state. [20] A study of YbaNijoP7
under applied pressure was also recently conducted by Nakano et al.; their results
suggest the existence of a QCP and demonstrate that 7% decreases and p, and
the coefficient A increase with increasing applied pressure.

Though there are studies that suggest YbsNijoP7; may be near a QCP,
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there are no comprehensive studies of this compound that have been made to very
low temperature; such a study is necessary to elucidate details of the possible QCP.
Motivated by these previous studies, and in order to study the low-temperature
behavior of YbyNijoP7; further, we performed measurements of p, y, and C on
high-quality single crystalline samples at temperatures down to 100 mK for p(7),
and 2 K for x(7") and C(T"). We also performed measurements of the thermoelec-
tric power, S(T'). In agreement with previous reports, an IV Yb state is clearly
observed in the physical properties and the valence is estimated to be ~ 2.76
based on analysis of the y(7') data. A robust quadratic temperature dependence
for p (i.e., p ~ T™ where n = 2) is observed below ~4 K, which indicates that
YbyNijoP; has a FL ground state. The electronic contribution to the specific heat
exhibits C.(T)/T ~ —In(T) behavior for 5 K < T' < 15 K, which is consistent
with NFL behavior. Below ~5 K, the upturn in C.(7")/T begins to saturate, sug-
gesting that the system crosses over into a FL ground state. The possibility of
a crossover between FL and NFL states near ~5 K is strengthened by analysis
of the temperature dependence of the power-law exponent, n(T'), of the electrical
resistivity, which becomes sub-quadratic at temperatures above 4 K. A crossover
between FL. and NFL behavior is consistent with YbyNijsP7 being in proximity to
an unidentified QCP.

III.B Experimental details

Single-crystalline samples of YbsNijoP7; and LagNijsP; were prepared
from elemental Yb (small dendritic pieces) or La (small chunks), Ni (small dendritic
pieces), and P (small lumps). The crystals were grown by reacting elements with
purities of 99.9% (or better) with the initial atomic ratios Yb:Ni:P:Sn = 1:4:2:30
in a molten Sn flux. The starting materials were sealed under vacuum in a quartz
tube, heated to 1150 °C, dwelled for 24 hours, and cooled slowly to 600 °C over a

span of 168 hours. The Sn flux was spun off using a centrifuge. Any residual Sn
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on the surface of the crystals was etched away in dilute HCIl. Needle-shaped single
crystals were obtained with typical dimensions of 4 x 0.5 x 0.5 mm?3.

Polycrystalline samples of YbyNijsP; for thermoelectric power measure-
ments were prepared from elemental Yb (small dendrite pieces), Co (powder), and
P (small lumps). The starting materials were sealed under vacuum in quartz tubes,
slowly heated to 1000 °C, and held at this temperature for 3 days. After the initial
reaction, the sample was ground into a powder, pressed into a pellet, and fired at
1135 °C for 3 days. Finally, the sample was re-ground again and fired at 1135°C
for 3 days.

X-ray diffraction measurements were performed on powdered single crys-
tals using a Bruker D8 Discoverer x-ray diffractometer. The resulting powder
diffraction patterns were refined by means of Rietveld analysis [21] implemented
in the program suite GSAS. [22] The stoichiometry was further verified using en-
ergy dispersive x-ray spectroscopy (EDX) measurements with a FEI Quanta 600
and an INCA EDX detector from Oxford instruments. Isothermal magnetization
M (H) and magnetic susceptibility x(7") = M (T')/H were measured for T = 2-300
K in magnetic fields H up to 7 T using a Quantum Design (QD) Magnetic Prop-
erty Measurement System. The magnetic field, H, was applied both parallel and
perpendicular to the crystallographic ¢ axis. We measured specific heat between
2 and 50 K in a QD Physical Property Measurement System DynaCool using a
standard thermal relaxation technique. Electrical resistivity measurements were
carried out in a four-wire configuration in a pumped *He dewar to 1.1 K and in
an Oxford Kelvinox dilution refrigerator between 7' = 100 mK and 20 K and in
magnetic fields of H =0 and 9 T.

Measurements of the thermoelectric power were performed by applying
a static temperature gradient of AT /T = 2%, where AT was measured using two
Cernox 1050 thermometers and a Lakeshore 340 Temperature Controller. Copper
leads were attached to the sample using silver epoxy in a two-wire configuration.

The thermoelectric voltage generated by the sample was measured using a Keithley
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2182 Nanovoltmeter and was corrected for a background contribution arising from
a slight compositional asymmetry of the alloys used in the twisted pairs of wires

running from the sample to the external electronics at room temperature.

ITI.C Result

III.C.1 Crystal structure

The unit cell volume of YbyNijsP7; was determined from powder x-ray
diffraction measurements at room temperature to be 259.4 A%, In Figure 1, the
unit cell volume of LnsNijoP7 is plotted vs. lanthanide ion Ln where open circles
are taken from Ref. [14]. Starting with La, one observes the typical reduction
of the volume due to the contraction of the ionic radii of the lanthanides with
increasing atomic number. However, the cases of Ln = Ce and Eu exhibit behav-
ior which reflects their tendency toward assuming tetravalent and divalent states,
respectively. Our result for YbyNijpP7 is in good agreement with other reported
values within experimental uncertainty. [19, 23] According to the trend of the unit
cell volumes, the Yb ion in YbyNijp,P; appears to be nearly trivalent at room

temperature.
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II1.C.2 Magnetic susceptibility

Magnetic susceptibility, x(7"), measurements were performed for YbsNijo P
in a magnetic field of H = 0.5 T with the field applied parallel and perpendicular
to the c axis. The data are shown in Figure 2. Curie-Weiss (CW) behavior was ob-
served at temperatures between 200 and 300 K with CW temperatures 0oy = -34
K and -52 K for H 1c and H || ¢, respectively (see lines in Figure 2(b)). Effective
magnetic moments, p.rr = 4.1 pp and 3.4 pp, for Hlc and H || ¢, respectively,
were also obtained from our analysis. These two values are lower than the pre-
viously reported value of p.f¢ = 5.1up, which was obtained from a fit over the
temperature range 50 K to 300 K; however, we note that the orientation of H with
respect to the ¢ axis was not specified in that report. [20] These effective magnetic
moments are intermediate between the Hund’s rule values for Yb3** (u = 4.5u5 for
the free ion) and nonmagnetic Yb?** (u = 0) configurations. This result suggests
that the Yb ions in this compound assume an intermediate valence.

Below 100 K, x(T') saturates and exhibits temperature-independent Pauli
paramagnetic behavior with yo = 0.014 and 0.009 cm?® /mol-Yb for H Lcand H | ¢,
respectively. These values are comparable to a previously reported value of xq
= 0.012 cm?®/mol-Yb and suggest a moderately-enhanced effective mass for the
conduction electrons. [20] Measurements of M vs. H are displayed in Fig. 2(c),
which were performed at 2 K, 20 K, and 100 K. These temperatures are at or
lower than the crossover from Curie-Weiss to Pauli paramagnetic behavior, and
the M vs. H data are consistent with that interpretation. This type of behavior
is common for mixed-valent Ce- and Yb-based compounds as seen, for instance, in
CeRhIn and YbCuAl [24, 25] The sharp rise of x(7T") below 20 K is probably due
to the presence of YbyO3 as a secondary impurity phase in the samples; though it
could also be consistant with NFL behaviour. [19, 26, 27, 28|

The behavior of x(7") can be interpreted within the framework of the
inter-configuration fluctuation (ICF) model. [29] In the ICF model, which was ap-
plied to YbyNijpP7 in Ref. [19], expected values for measured physical quantities
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(e.g., Yb valence, Méssbauer isomer shift, magnetic susceptibility, etc.) are calcu-
lated by averaging over the occupied 4f™ and 4f"~! multiplet states. The energy
difference between the ground state and excited-state configurations is defined as
FEere. The x(T) data, and the fit to x(7') using the ICF model, are plotted as
a function of temperature for both orientations (H || ¢ and H lc) in Fig. 2(a).
The ground state of Yb (Yb?", 4f!) has total angular momentum J = 0 and
effective magnetic moment uz}rf = 0, while the excited state (Yb*", 4f1%) has J =
7/2 and ,ui’j[f = 4.54 up. The temperature dependence of the susceptibility of the
mixed-valence Yb ions in the ICF model is given by [30]

N (u3g)*P(T) C
T) = (1 —njpp) ——mr—— = i — , II1.1
XICF( ) ( 1 p)ng(T+va) +n pT +XO ( )
where
P(T) 8 (I11.2)

" 8+ exXp[Bexe/kn(T + Top)]’

P(T) is the fractional occupation probability for the 4f1% contribution,
T, ¢ is the valence-fluctuation temperature, xo is a temperature-independent contri-
bution to the magnetic susceptibility (but is not the enhanced Pauli susceptibility),
and N is the number of Yb ions. The Curie term in Eq. (1), weighted by a scale
factor njm,, is introduced to account for the upturn in x(7") at low temperatures
that is likely caused by paramagnetic impurities containing Yb3* ions. A least
squares-fitting procedure was used to fit Eq. (1) to the experimentally observed
x(T) data plotted in Figure 2(a). The best fits are shown as solid lines in Fig. 2(a)
with the following parameters: E.,. = 325 K, T}, = 140 K, nj;, = 0.016, and xo
= 5.46x 1073 em®/mol for H L ¢, and E,,. = 453 K, T,y = 198 K, 14, = 0.013,
and yo = 5.27x 1073cm?/mol for H || c¢. The valence of the Yb ion in YbyNi;oP5
is calculated at room temperature using Eq. (2) to be 2.79 and 2.76 for H L ¢ and
H || ¢, respectively. These parameters agree reasonably well with values of E,,. =
278 K, T,y = 68 K, and a valence of 2.79 which were obtained in a previous ICF

model analysis of x(7') data for a polycrystalline sample of YboNijoP7. [19] The
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values of T, are also comparable to values reported for other Yb-based mixed-
valence compounds, such as YbAl;z. [31] The best-fit E.,. values are comparable
to those of certain Yb compounds, such as YbBy, [30] but are about a factor of
two larger than the value for the compound YbAl;. [31]

From the analysis of x(7") data using the ICF model, we estimate an im-
purity ratio of ~ 1%. This value is comparable to the impurity concentration that
is estimated from the entropy associated with AFM order in YbyO3 in C(T")/T
as discussed below. Since the contribution to x(7') from the impurity phase can
be large at low temperature, even though the impurity concentration is low, the
upturn probably originates from the presence of YbyO3 in the sample. Another
possible explanation for the upturn in x(7') between 2-10 K is that it could be a
manifestation of NFL behavior; this explanation would suggest that the upturn
is an intrinsic property of YbsNijpP; rather than being extrinsic (i.e., from im-
purities). We find that xq,(7") can be described by a weak power law or with a
logarithmic temperature dependence of the form x.,(7) = a - bln(T - ¢) where
best fit values were found to be a = 0.016 cm?/mol, b = 7.82x 10~* c¢m?/mol,
and ¢ = 1.94 K. Such a temperature dependence for the magnetic susceptibility
is a significant departure from FL behaviour; however, we cannot ignore the com-
pelling evidence for a small amount of magnetic impurities in our samples. While
these impurities likely play a significant role in producing the low-temperature up-
turn, we cannot rule out the possibility that it arises from a combination of NFL

behaviour (intrinsic) and Curie-law behaviour (extrinsic).
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Figure II1.2: (a) Magnetic susceptibility, x = M/H, vs. temperature, T, for
magnetic field of H = 0.5 T applied parallel (||) and perpendicular (L) to the ¢
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and 100 K.
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IT1.C.3 Electrical resistivity

The electrical resistivity, p(7"), of YbaNijoP7, measured in magnetic fields
H =0T and 9 T, is shown in Figure 3 between 100 mK and 300 K. p(7T") decreases
linearly between 180 K and 300 K with decreasing temperature. At lower tem-
peratures, there is a gentle roll off with decreasing temperature, which could be
related to splitting of the J = 7/2 multiplet of Yb by the crystalline electric field.
The curvature in p(7T") has also been previously attributed to typical behavior for
IV Yb-based compounds with low values of E.,. and Ts. [19] To characterize p(T,

H) at low temperature, the data were fitted with a power law,

p(T) = po+ AT™, (I1L.3)

where the best fit was determined from a plot of In(p — pg) versus In(7"). We note
that A is an important quantity in FL systems (i.e., for n = 2), but in other cases
where n # 2, A would just be interpreted as a coefficient. The value of py was
selected to maximize the linear region of the fit extending from low 7'. Such fits
always resulted in n = 2 as is emphasized in the plot of p vs. T2 shown in the
inset of Fig. 3, where it is apparent that the electrical resistivity follows a FL-like
T? temperature dependence at low T'. [4, 32] A quadratic temperature dependence
for p at low 71" is observed in many other Yb- and Ce-based mixed-valence and
heavy-fermion compounds (e.g., CelnPt, and YbAgCuy). [33, 34] From these fits,
we find that py ~ 15.8 uf2 cm and 16.3 uQ2 cm and that A = 0.0458 pQ) cm/K?
and 0.0462 uf2 cm/K? for H = 0 T and 9 T, respectively. These results suggest
that applied magnetic fields less than H = 9 T have a negligible effect on the FL

ground state.
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Figure I11.3: Electrical resistivity, p, vs. temperature, 7', for YboNijoP7. The inset
displays p vs. T? data for magnetic fields of H = 0 and 9 T applied parallel to the
c axis. The solid lines are fits to the data using Eq. (3).
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II1.C.4 Specific heat

The specific heat of YbsNijoP7 is plotted in Figure 4(a) as C/T vs. T
as measured in H = 0 and 9 T applied magnetic fields. There appears to be very
little difference between the data measured in H = 0 T and 9 T magnetic fields.
Figure 4(b) reveals moderately-large electronic specific heat coefficients v ~ 137
mJ/mol-K? and 143 mJ/mol-K? for H = 0 T and 9 T, respectively. These values
were obtained from a fit to the data in the temperature range 15 < 7' < 25 K
of the expression C(T) = T + BT (see lines in Figure 4(b)). The cubic term
characterizes the phonon contribution from the Debye model. We estimate the
Debye temperature Op = (1274N;R/55)'/% to be 329 K and 335 K for H =0 T and
9 T, respectively; here, N; = 21 is the number of ions per formula unit and R is the
universal gas constant. If we estimate v by extrapolating C'//T to zero temperature,
denoted herein as 7y, we obtain 5 ~ 192 mJ/Yb mol-K? and 196 mJ/Yb mol-K? for
H =0T and 9 T, respectively. These values for v, are comparable to other values
which were reported previously. [19, 20] A small peak near Ty = 2.3 K is observed
in Figure 4(a) (data measured in H = 0 T) which is due to antiferromagnetic
(AFM) ordering of YbyOg3 impurities. These impurities are probably present on the
surface of the single crystals. The presence of YbyO3 impurities was also reported
in other studies of YbsNijsP7. [19] The entropy associated with this anomaly,
presumably proportional to the concentration of the impurity phase that produces
it, is about 1.2% of RIn2. Figure 4(c) shows the electronic contribution to specific
heat, C./T, obtained by subtracting the lattice contribution from C/T". In the
temperature range from 7' = 2 K to 17 K, C,. /T appears to increase with decreasing
temperature. This same behavior was reported in Ref. [15] despite the presence
of a larger YbyOj3 contribution (characterized by feature at Ty ~ 2.3 K) than we
observed in our single crystal samples. In Figure 4(d), C./T is plotted on a semi-
log scale to emphasize the logarithmic character of C./T ~ —InT down to ~5
K. This behavior is consistent with typical NFL behavior observed in many other

systems. [35, 36, 37, 39, 38] Below 5 K, the logarithmic divergence in C, /T begins
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to saturate which might indicate a crossover into a FL state at low temperature.

A similar situation is observed in the compound YbCoyZnyy at 7' ~ 0.2 K. [40]



35

' T ’ T T T T o T T T T T T
. ¢
Yb,Niy,P, (a) %, (b)
L 9
I e
o ‘ ’io%o
flE AN 4 180
300 | - Y
= ¢ .=
~ ’0 oQ’oo mﬁ
S k. K N
€ | * e 4
.0 b - . (Y n
& E . 160 g
> & % =
£ 4 - * g
& | (L. + o
So240 | 8 i ", . 3
ouoo ". \ad ] 75:
& Y, 75D e Tepped 8
e L % S e, 274140
“ad K 3 .'0 * 9
L A &150 s ¢
.0 » p—
%ﬁ%"%"' o MgH=9T N3
o WH=0T 125 =,
0 1 rgp() 10 ~
180 " 1 " 1 M 1 " 1 " 1 " 120
0 5 10 15 0 5 10 15
T (K) T (K)

Figure I11.4: (a) Specific heat, C, divided by temperature, for YbyNijpP7, mea-
sured in applied magnetic fields H = 0 T and 9 T. Filled and open circles represent
H =0T and H =9 T data, respectively. (b) C/T vs. T? for YbyNijsP7. Solid
lines represent fits of C'/T = ~ +BT? to a linear region of data to extract the Som-
merfeld coefficient, v, and coefficient, 3, of the lattice contribution. (c¢) Electronic
contribution to specific heat, C, /T, obtained by subtracting the phonon contribu-
tion. (d) C./T plotted on a logarithmic temperature scale. The upturn in C,/T
has a logarithmic character down to ~ 4 K, below which, it tends to saturate with
decreasing T'.
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II1.C.5 Thermoelectric power

Figure 5(a) displays the thermoelectric power, S(7'), for YbaNijoP7 be-
tween 2 K and 300 K. The sign of S(7') is negative over the entire measured
temperature range. Large, negative values for S(7') are commonly observed in
other Yb-based Kondo lattice systems. [41, 42] The deep minimum near ~40 K
could be related to spin fluctuations [41, 43] like in YbCusSis. However, a single
minimum is also predicted for a generic Yb-based Kondo lattice system in which
hybridization between localized and itinerant electron states is strong enough to
facilitate an intermediate Yb valence. [44] This latter scenario is consistent with
the evidence for an intermediate Yb valence in YbyNijoP7 from our magnetic sus-
ceptibility data.

Figure 5(b) displays S(7") data divided by T, -S(T")/T, plotted on a log-
arithmic T scale. The -S(T")/T data increase upon cooling for 7' > 13 K, reaching
a maximum value of 1.34 uV/K? at T4z ~ 13 K. The maximum value of S(T)/T
is almost 2 orders of magnitude larger than the maximum values for simple metals
such as Cu where S/T ~ -30 nV/K?. [45] Enhanced values of S(T)/T have been
reported for many HF compounds [46, 47, 45] and are considered to be closely
related to the strongly-enhanced values of C(T')/T. As can be seen in Fig. 5(b),
-S(T)/T exhibits a break in slope at a temperature Tpy. These observations are
qualitatively consistent with the formation of a FL phase as previously inferred
from the electronic contribution to specific heat, C,/T, in which a crossover be-
tween NFL and FL phases is observed at Trp. If we extrapolate S(T')/T to zero
temperature, we obtain a value of —Sy/T ~ 1.1(2) uV /K2

A FL state can be characterized by the ratio of So(T")/T to . [45, 48, 49]
A “quasi-universal” ratio, ¢ = (Nae/v)(S/T) ~ %1, is expected to be obeyed for
FL systems where N4 is Avogadro’s number and e is the charge of an electron. The
sign of ¢ depends on the dominant type of charge carriers. Although a single band
and scattering process is generally insufficient to explain the strong correlation

effects in materials like HF systems, given that C(7)/T and S(T')/T are most
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sensitive to the position of the heavy band, a quasi-universal ratio is expected to
hold at low temperature. [50, 51] Using our value of So(T)/T ~ -1.1(2) pV/K?
and v ~ 137 mJ/Yb mol-K?, we calculate ¢ ~ -0.8(2). Alternatively, if we use
Y ~ 192 mJ/Yb mol-K?, we obtain ¢ ~ -0.6(1). The value of ¢ calculated with
~ is very close to the expected value for an Yb-based FL system; a value of ¢ =
-1 is within the uncertainty, which is dominated by experimental uncertainty in
So(T)/T (see error bars in Fig. 5(b) at low temperature). This result supports the

evidence from specific heat for a FL ground state in YbyNijoP5.
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Figure I11.5: (a) Thermoelectric power, S(T), for YbyNijoP7 plotted on a semilog-
arithmic scale. A large negative peak is observed in S(7") near 40 K. (b) S(T")
divided by temperature, S(T')/T, plotted on a semilogarithmic scale. An arrow
explicity designates a temperature, Ty, associated with a cross over from non-
Fermi liquid behavior to Fermi liquid behavior for T' < Tpy.
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III.D Discussion

In order to evaluate potential HF behavior, we calculated the Kadowaki-
Woods ratio, Rgw = A/~* where v, is the coefficient of electronic specific heat
and A is the coefficient of the T2 contribution to p. In the original treatment,
Kadowaki and Woods reported a universal value Rgy ~ 107° pu) em (mol K2
mJ~1)? for all HF compounds. [52] More recently, it has been found that many
(but not all) Yb-based HF systems are characterised by Rxw values that can
be two orders of magnitude smaller than the conventional Kadowaki-Woods ratio
value. This result is related to the fact that the ground-state degeneracy of N = 8
for Yb modifies the conventional Kadowaki-Woods relationship so that it becomes
Ry = 1 x 107°/(3N(N — 1)) p cm (mol K mJ™)? = 0.36 x107% pQ cm
(mol K? mJ~1)% [53] To calculate the Kadowaki-Woods ratio for YbyNijoPy, it
is more reasonable to use 7y rather than v for the electronic contribution. Using
our values of v ~ 192 mJ/Yb mol-K? and A ~ 0.0458 u€2 cm/K?2, both obtained
for H =0 T, we calculate Ry ~ 1.24 x 107% pQ cm (mol K*(mJ)~!)%. This
value of Rgw suggests that YbyNijsP7; has a heavy FL ground state. Similar
results are obtained in the case of H = 9 T where Ry ~ 1.20 x 1076 uQ) cm
(mol K?(mJ)™1)? (calculated using vo ~ 196 mJ/Yb mol-K? and A ~ 0.0462 u02
cm/K?). Identifying the ground state of YbyNijoP7 as being a heavy FL seems to
be at odds with the logarithmic divergence with decreasing 7" in C, /T as plotted in
Fig. 4(d). The C./T ~ —InT behavior for 5 < T < 15 is a typical characteristic of
NFL behavior. [?] However, below T' ~ 5 K, C, /T tends to saturate with decreasing
T, which is indicative of a crossover between FL. and NFL behavior in the vicinity

of T~ 5 K.



40

2.5 F =

[ J
\o
2.0- Soi. Yl

b = — . -. ————— -
°  Ne
[ ]
c 0.95p,
15L 170 i
' ' 0
§ 16.5 (c) 30
1012 - -0.95 N
< A .‘ ! Pyp Pla 1205
16.0 = ) B
A | o
0 10 20 30 103
0.5 _(a). . 2(K2). Ll - ) ) 0
0.1 1 10 0 100 200 300
T (K) T (K)

Figure II1.6: (a) The exponent, n, defined in the expression, p = py + AT", and
calculated as described in the text is plotted vs. log T. Inset: p vs. T? data;
the red line emphasizes the temperature range over which p exhibits a quadratic
temperature dependence. (b) p(T') data for YbyNijoP7 and LagNijoP7. The p(7T)
data for LayNijoP7 have been scaled by a factor of 0.95 so that the slope (dp/dT)
at high temperature is equal to the slope of the p(T') data for YbsNijoP7. (c)
The 4f electron contribution to p(7T") in YbaNijoP7, pas, plotted vs. T. The pyy
contribution was obtained by subtracting the scaled p(T") data for LayNi;oP7 from
the p(T') data for YbyNijoPs.
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To further investigate the possibility that there is a crossover between
FL and NFL behavior in YbyNijsP7, an analysis of the evolution of the exponent,
n, (as defined in Eq. (3)) with temperature was conducted and is plotted in Fig-
ure 6(a). It is important to note that Eq. (3) is only valid in temperature regions
where electron-phonon scattering and other contributions are negligible (i.e., at
low temperature). Since electron-phonon scattering contributes an additive term
to p(T') that is a power law in temperature according to the Bloch-Griineisen the-
ory, it is important to subtract this contribution so that n(7") can be meaningfully
calculated. Measurements of p(T') for YbyNijpP; and a non-magnetic reference
compound, LayNijpP7, are shown in Fig. 5(b). The p(T') data for LasNijoP; have
been scaled by a factor of 0.95, so that their slope matches the slope of p(T') data
for YbyNijoP7 at high temperatures. The result of subtracting the scaled p(T)
data of LayNijpP7 from data for YbyNijoP7 is plotted in Figure 6(c). The data
plotted in Fig. 6(c) are expected to obey a psy ~ T™ temperature dependence at
moderately-low temperatures. The exponent, n(T), is calculated by differentiating
In p(T") data with respect to InT (i.e., n = dln(p — pg)/dInT). As was already
shown in the inset of Fig. 3, n = 2 at low temperature, indicating a FL ground
state; however, above T ~ 4 K, n continuously deviates from n = 2, rapidly be-
coming sub-quadratic. This is consistent with p vs. T? data in the inset of Fig.
6(a) in which a red line emphasises the deviation from a quadratic temperature
dependence above T' ~ 4 K. In analogy with the behavior of C,/T, this behavior
is consistent with a crossover between a FL ground state and NFL behavior in the
vicinity of T' ~ 4 K.

Evidence for a crossover between a FL ground state and NFL behavior
is observed in both C.(T")/T and p(T) data. These mutually-reinforcing results
strongly suggest the possibility that YbsNijpP7 is in close proximity to a QCP.
There are several types of QCP phase diagrams that have been observed in other
systems; [11] one commonly observed scenario involves the suppression of an or-

dered FL state to zero temperature using a non-thermal control parameter 0 (i.e.,
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pressure, magnetic field, chemical composition, etc.) such that a QCP is observed
at d.. This QCP may or may not be protected by a superconducting phase, but in
either case, increasing ¢ further leads to a region where there is a crossover between
a FL state at low temperature and NFL behavior at higher temperature. [11] It
is possible that YbyNij5P7 is in such a region where § > .. Further work tuning
YbsoNioP7 with applied pressure, chemical substitution, and magnetic field will be

necessary to observe and identify any QCP that may be present in this system.

III.E Concluding remarks

From measurements of p(T,H), x(T,H), C(T,H), and S(T) on high-
quality single-crystalline samples, we are able to conclude that YbyNijoP7 exhibits
a moderately-heavy FL ground state with an enhanced value for vy ~ 192 mJ/Yb
mol-K? and a large coefficient A of the T? term in the electrical resistivity. These
results lead to a Kadowaki-Woods ratio value of Ry ~ 1.24 x 107¢ €2 ecm (mol
K?*(mJ)~')%. An IV Yb state in YbyNijoP7 is inferred from an analysis of x(T') data
within the context of the ICF model, where an Yb valence of 2.76 is obtained. An
intermediate Yb valence is also suggested by the character of S(T'). A logarithmic
divergence of the electronic contribution to specific heat (i.e., C./T ~ —InT)
above ~5 K is strong coincidence for NFL behaviour; however, C./T saturates
below 5 K, becoming less temperature-dependent indicating there is a FL. ground
state. An analysis of the power-law exponent, n(7'), characterizing the electron-
electron scattering contribution to the electrical resistivity yields n = 2 at low
temperature, which also indicates a FL ground state; however, above T'~ 4 K, n
continuously decreases and reaches n = 1 at ~ 20 K. This behavior is consistent
with a crossover in the vicinity of ~ 5 K from a NFL to a FL ground state, strongly
suggesting the possibility that YbsNijoP7 is in close proximity to a QCP. Further
efforts to tune YboNijpP; with applied pressure, chemical substitution, and/or

magnetic field will be necessary to observe and then study the potential QCP.
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Chapter IV

Itinerant ferromagnetism in the
noncentrosymmetric

heavy-fermion compound

SmQNi12P7

IV.A Introduction

Heavy-fermion (HF) ground states are found in intermetallic compounds
containing lanthanide and actinide ions with unfilled 4f or 5f electron shells in-
cluding Ce, Pr, Sm, Yb, and U. Particularly, an intense research effort has focused
on investigation Sm-based intermetallic compounds which often shows interesting
phenomenon due to: (1) the potential for spin fluctuations of the Sm ion between
4% (Sm?*) and 45 (Sm®") electronic configurations and (2) the excited J = 7/2
total angular momentum state is generally not separated from the J = 5/2 Hund’s
rule ground state by a large energy; this second point allows for the possibility
of J-mixing at modest temperatures and leads to a considerable Van Vleck para-
magnetic contribution in measurements of the magnetization. For example, the

compounds SmX (X = Te, Se, or S) exhibit semiconductor-metal transitions un-
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der applied pressure which are associated with a sudden change in the Sm valence
driven by an enhancement of the hybridization strength between the localized 4 f
and itinerant electron states. [1, 2] In more modern parlance, f-electron materials
such as SmBg [3] that display such behaviors are referred to as “Kondo insula-
tors”. Observations of topologically-protected surface states have made SmBg the
subject of considerable attention recently; [4] this property would make SmBg the
first “topological Kondo insulator”. Although quite rare in Sm-based systems, the
single-ion Kondo effect is observed in the system La; ,Sm,Sns as inferred from
the —InT temperature dependence of the electrical resistivity at low tempera-
ture. [5, 6] Recent experiments on Sm-based filled skutterudite compounds [7, §]
shows some interesting phenomenon, such as a metal-insulator transition has been
observed for SmRu,P15 compound at T,y = 16.5 K, and octupolar order below Ty
that has been proposed to explain the sharp drop in the elastic constant [9, 10].
Also, SmOs,Sbis compound have displayed unusual field-insensitive HF behav-
ior [11, 12].

The family of compounds with chemical formula Lns775M; are the n =
2 members of a broader class of pnictogen-based systems with chemical formula
Ly (n—1)Ttn+1)(n+2)Mn(nt1)+1, where Ln is a lanthanide (or actinide), T" is a tran-
sition metal, and M is a pnictogen (i.e., phosphorus, arsenic). [14, 13, 15] We
have recently investigated the correlated electron properties in many members of
this family of compounds. For example, YbsFesP; exhibits a crossover from a
magnetically-ordered to a paramagnetic non-Fermi liquid (NFL) state at low tem-
perature in a magnetic field near H = 1 T. [16] Complicated magnetic behavior
is observed in the compound UsFe5sP7, which is manifested by hysteretic tem-
perature and magnetic field dependencies in magnetization measurements, meta-
magnetic behavior, and large spin-disorder scattering of conduction electrons for
T > Ty. [17] The Yb ions in the HF compound YbsNijsP7 exhibit an intermediate
valence [21]. A crossover between FL and NFL states is also observed at zero field

near 5 K, suggesting the possibility of a nearby quantum critical point (QCP) in
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YbyNijoP7. [21] Finally, the compound SmyFeoP7; was found to be an itinerant
ferromagnet with evidence for a heavy FL ground state; furthermore, it may also
be in close proximity to a QCP. [19] In general, the “2-12-7” family of compounds
is interesting because they provide an opportunity to study strong electronic cor-
relations and magnetism within a noncentrosymmetric crystal structure.
Recently, measurements of electrical resistivity, magnetization, and spe-
cific heat on single crystals of SmyNijoP7 were reported by Nakano et al. as part
of a study on the compounds LnyNijoP; (Ln = Sm, Gd-Lu); [20] they reported
evidence for magnetic order in SmyNijoP7 near 5 K and preliminarily identified it
as being either ferrimagnetic or some other form of complex magnetic order such
as canted ferromagnetism [20]. However, no analysis to obtain the Sommerfeld
coefficient v, or to assess the low-temperature physical properties was presented
as part of the study. In light of the recent study on SmyFe;5P7 by Janoschek et
al. [19], we were motivated to determine whether SmsNijoP7 might be another
example of a Sm-based HF ferromagnet; such compounds are quite rare and in-
clude, to our knowledge, only SmFe P12, [22] SmOs,Sbis, [12] SmPtSi, [23] and the
aforementioned SmsFeio2P7. [19] In this paper, we present a comprehensive study
on single crystals of the noncentrosymmetric compound SmyNijoP7 from measure-
ments and analysis of electrical resistivity, magnetization, and specific heat data.
Our results indicate that SmsNijoP7 is an itinerant ferromagnet that appears to

exhibit a heavy FL ground state.

IV.B Experimental details

Single crystals of SmyNij5P7 were grown in a molten Sn flux with a ratio
of Sm:Ni:P:Sn = 1:4:2:30 using Sm (small dendrite pieces), Ni (chunks), and P
(small lump) with purities of 99.9% or better. The starting materials were sealed
under an Ar-atmosphere of ~250 torr at room temperature in a quartz tube, heated

to 1150 °C, dwelled for 24 hours, and were allowed to cool slowly to 600 °C over
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168 hours. Excess Sn flux was spun off using a centrifuge and residual Sn on the
surface of the crystals was etched away with dilute HCI. In this way, needle-shaped
single crystals were obtained with typical dimensions of 4 x 0.1 x 0.1 mm?.
X-ray diffraction measurements were performed on powdered single crys-
tals using a Bruker D8 Discoverer x-ray diffractometer. The resulting data were
refined by means of Rietveld analysis [24] as implemented in the program suite
GSAS. [25] Isothermal magnetization M (H) and magnetization M (T)/H mea-
surements were performed in magnetic fields ugH up to 7 T and from 2 to 300
K, respectively, with field applied both parallel and perpendicular to the crystallo-
graphic ab-plane, using a Quantum Design (QD) Magnetic Property Measurement
System (MPMS). Specific heat was measured from 2 to 50 K in a QD Physical
Property Measurement System (PPMS) DynaCool using a standard thermal relax-

ation technique. Electrical resistivity measurements were carried out in a four-wire

configuration between 7' = 1.2 and 300 K in a “He dewar.

IV.C Results

Rietveld refinement analysis of the x-ray diffraction data shows that the
single crystals of SmyNioP7 crystallize in the hexagonal noncentrosymmetric space
group P6 with lattice parameters a = 9.081 A and ¢ = 3.711 A. These values agree
well with those reported in other studies of SmyNijoP7 [15, 20].
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Figure IV.1: (a) Magnetization M/H versus temperature T for a magnetic field
1oH applied parallel and perpendicular to the ab-plane in the 7" range between 2
to 20 K. M/H data for T between 2 to 300 K are plotted in the inset. Red lines
represent modified Curie-Weiss law fits to the data using Eq. (1) as described in
the text. (b) Isothermal magnetization M versus poH for poH Lab-plane at 2 K, 5
K, and 10 K. (c¢) Isothermal magnetization M versus uoH for pyH||ab-plane. (d)
Hysteresis curve at T' = 2 K in the range -1 < pgH < 1 T with magnetic field
applied along each direction.
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Measurements of the magnetization as a function of temperature, M (7T')/H,
from 2 to 300 K in an applied magnetic field yoH = 1 T, aligned both parallel
and perpendicular to the basal plane, are presented in Figure VI.1(a). Both sets
of data show a ferromagnetic transition at a Curie temperature of Ty ~ 5 K. The
difference in the magnitude for each direction indicates that the easy direction
lies within the ab-basal plane, providing an enhanced M/H value as T — 0 K of
My/H ~ 0.0135 cm®/Sm when H || ab, relative to the value obtained for the hard
direction (My/H ~ 0.0098 cm?/Sm).

Since Sm** ions have excited angular momentum states that are sepa-
rated by relatively low energy from the Hund’s rule J = 5/2 ground state, a simple
Curie-Weiss law is insufficient to describe the M (T')/H data for SmyNijoP7. As is
shown in the inset of Figure VI.1(a), M(7T)/H data are fitted well with Eq. (1)
and the best fits are represented by the red lines. Equation (1),

M(T)  Na [ Hiy |y
_ ] V.1
H ~ 3kp {(T—@)Jr 5 | X (V1)

consists of a Curie-Weiss term due to the J = 5/2 ground state contribution and
a temperature-independent Van Vleck term due to coupling with the excited J
= 7/2 multiplet located a temperature ¢ above the ground state, [?] where N,y
is Avogadro’s number, kg is Boltzmann’s constant, p.rs is the effective magnetic
moment, 6 is the Curie-Weiss temperature, and pp is the Bohr magneton. A Pauli-
like contribution term, xp, from the conduction electrons can be estimated from
the xp contribution to LusNijsP7; magnetic susceptibility data; [20] we estimate
an upper limit of yp < 0.00025 emu/mol Lu. If crystalline electric field (CEF)
effects are neglected, the theoretical Sm®* free-ion moment is described as pie;; =
gi/J(J+1) up = 0.85 up/Sm, where the Landé g factor is g; = 0.286 and J =
5/2. The best fit of Eq. (1) to the M(T")/H data is obtained with the parameters
6 =-3.5and 1.1 K, 6 = 112 and 416 K, and p.ry = 0.66 and 0.65 p15/Sm for the
easy and hard directions, respectively. This analysis assume x p is 0.00025 emu/mol

Sm. The values of y.ss are somewhat less than the theoretical Sm** free ion value;



93

possible valence fluctuations of the Sm ion might be responsible for these reduced
values of i.¢r. We are able to calculate the temperature difference between the J
= 5/2 and 7/2 states, A, using the relationship § = 7A/20. [12, 27] The results
are A = 112 and 1189 K as obtained from fits to measurements with the magnetic
field applied along the easy and hard directions, respectively; these values are less
than the A ~ 1500 K value estimated for the free Sm®* ion. [28] In the case of
SmyFe;oP7, the reported A value is estimated to be A = 1503 K. [19] A reduced
value of A is often found in other Sm-based compounds including SmRhyB, (A =
1080 K), SmCoyCdyy (A = 412 K), and SmRuyCdyy (A = 265 K). [27, 29]

The results of isothermal magnetization, M (H ), measurements, made in
magnetic fields up to o =7 T for T' = 2, 5, and 10 K, are shown in Figure VI.1(b)
and (c). Even though saturation is not achieved at T' = 2 K along either direction,
magnetization values of piz,: = 0.059(1) and 0.024(1) pp/Sm can be estimated for
the easy and hard directions by using the measured values at uoH = 7 T. These
values are less than 10% of the theoretical value of g = 0.71 pp/Sm for the
Sm3* ion. The ratios of the effective magnetic moment to the saturation magnetic
moment, also referred to as the Rhodes-Wolfarth ratio, [30] are s/ ftsqt ~ 11 and
12 when using values obtained from measurements with magnetic field applied
along the easy and hard directions, respectively. These reduced values of p4,; are
consistent with itinerant-electron ferromagnetic order. [30] A small unsaturated
value of the magnetization is also observed in other weak itinerant ferromagnets,
such as ZrZny, NizAl, and SczIn. [31, 32]

The magnetization data from measurements with Hljabat T =2 Kand T
= 5 K intersect near pugH ~ 3 T. This result indicates the possibility of a magnetic
field-induced antiferromagnetic (AFM) transition at a temperature below T ~
5 K, when Hljab and pugH > 2.5 T. The related compound SmsFe 5P exhibits
multiple magnetic phase transitions at To ~ 6.3 K and Ty ~ 3.7 K, indicating
that magnetism in Smy77,P7 compounds, associated with magnetic moments from

Sm-ions, is complicated. [19] Furthermore, SmyFe;5P7 exhibits a similar intersec-



54

tion of M(H) curves that is identified as evidence of a metamagnetic transition
when Hlc. [19] Since, the Pauli paramagnetic susceptibility of itinerant electron
states is proportional to N(FEr) another possible explanation for the decrease of
magnetization at 7' = 2 K could be the opening of a gap on the Fermi Surface
with assuming T is higher than 2 K and lower than 100 K which temperature
range is lower than the temperature range for fitting Eq. (1). The formation of
an energy gap [33] on the Fermi surface near poH ~ 3 T might be responsible for
the reduction in M/H. The ferromagnetic phase transition can clearly be seen in
Figure VI.1(d) where the low field curvature is more pronounced at lower temper-
atures and clear hysteresis is observed at 2 K. These results reveal the presence
of weak ferromagnetic order below T = 5 K. At 2 K, a higher remanent magne-
tization of Mpr ~ 0.008(1) pup/Sm is observed for the easy direction than Mp ~
0.004(1) pup/Sm for the hard direction.
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Figure IV.2: (a) Electrical resistivity p as a function of temperature 7. The inset
shows low-temperature p(7') data with a logarithmic temperature scale, revealing
an upturn below T ~ 1.6 K. (b) p versus T° data for SmyNi;,P7 with a linear fit
between 1.6 K < T < 4.8 K. (¢) An arrow highlights the onset of ferromagnetic

order near T = 5 K. A solid line represents a fit to the p(T") data using Eq. (2),
which includes magnetic excitations.
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The electrical resistivity as a function of temperature, p(T"), for SmyNi;o Py
is plotted in Figure VI.2(a). p(T") decreases smoothly from room temperature to a
shoulder feature near T' ~ 30 K, which can be related to depopulation of an excited
state of the J = 5/2 multiplet that has split from the ground state by the CEF.
A low-temperature feature near T ~ 5 K is associated with ferromagnetic order
which is consistent with the T determined from the magnetization data in Fig-
ure VI.1. As we present in the inset of Figure VI.2, an upturn is observed below T’
< 1.6 K, which might be associated with Kondo-like spin-flip scattering. NFL be-
havior of the form p = py £ AT™ where n < 1.5 [34] is another possible scenario to
explain this upturn behavior; however, we were unable to observe evidence for NFL
behaviour in the other physical properties, so this scenario is less likely. It will be
necessary to measure p(7") of SmoNijoP7 to much lower temperatures (lower than
T < 1.2 K) to clarify the origin of this upturn. As is presented in Figure VI.2(b),
the p(T') data are fitted well up to ~ 4.8 K with a power-law behavior p = py +AT"
where n ~ 3; this value of n is inconsistent with the expected results for both FL
(n ~ 2) and NFL (n < 1.5) behavior. [34] The p(T") data, in this temperature
range, include contributions from scattering with magnons below T, so this T
behavior arises from a contribution of scattering with itinerant quasiparticles and
magnons.

In Figure VI.2(c), we present p data for 7' < 8 K; the low-temperature
feature at To ~ 5 K is associated with the ferromagnetic phase transition, which
is concomitant with the formation of a gap opening on the Fermi surface as we
observe in C'/T data presented below. At temperatures less than T = 5 K, the
scattering of electrons with ferromagnetic excitations can be estimated by fitting
the electrical resistivity data with the expression, [1, 2]

T A
) exp(——5%),

p(T) =po+ B (1+2 (IV.2)

Apsw Apsw
where pg is the residual electrical resistivity, B is a coefficient, and A, gy is the

spin-wave energy gap associated with ferromagnetic order. Red lines represent best
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fits of Eq. (2) to the experimental data presented in Figure VI.2(c). We obtained
best-fit values of py = 12.8(1) p€2 cm, B = 0.3(1) p€2 cm, and A, sy = 3.8 K.
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for SmyNijoP7 and ThoFe oP7 (scaled). The dashed red lines are linear fits to these

data.
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The specific heat divided by temperature, C(T")/T, for SmyNipPr; is
shown in Figure VI.3 with C(7)/T data for ThoFe;oP; that have been scaled
by factors of \/m and \/W to account for differences in mass be-
tween Th and Sm, and Ni and Fe; we use the scaled C'(T")/T data for ThyFe 5P to
estimate the phonon contribution to C(7")/T" data for SmyNi;2P7. A pronounced
peak at To ~ 5 K is commensurate with the ferromagnetism observed as a cusp
in M(T') data and the analogous feature in p(7") data. As presented in the inset
of Figure VI.3 as a dashed red line, C'//T" data for SmyNi;oP7 above the transition
can be described as C/T = v + T2 where v ~ 644 mJ/mol Sm K? and 3 ~ 1.4
mJ/mol Sm K*. We obtain a Debye temperature 6, ~ 308 K from this value of 3.
We are able to estimate 6p ~ 364 K for scaled C(T")/T data for ThyFe;sP7 using
B = 0.8 mJ/mol K*; this value of fp is higher than the 6p value for SmyNij,P7,
but the difference between them is sufficiently small to justify using the scaled
C(T)/T data for ThoFei2P7 to estimate the phonon contribution to C(T")/T data
for SmyNioP5.
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bution. The solid line represents the combined electronic and magnetic entropy,
S(T), of SmyNijoP7, calculated by integrating C'(T") /T data. Dashed lines denote
specific entropy values which are explicitly labeled. (b) C'(T")/T data plotted vs.
InT" along with best fits of Eq. (3) and Eq. (4) to the data for T' < T, presented
as a red dashed line and blue line, respectively.
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IV.D Discussion

Figure VI.4 shows specific heat data for SmyNijsP7, C'(T) /T, obtained
by subtracting the phonon contribution as estimated by scaled data for the non-
magnetic reference compound ThyFe;sP; (see Figure 3). We can estimate the
Sommerfeld coefficient value using C'(7")/7T data in the paramagnetic state (1" >
5 K) to be vp = 650 mJ/mol Sm K2. This relatively large value is similar to the
value of 7, which was estimated from a linear fit of C'//T vs. T? data in the inset
of Figure 3, by assuming that the low-temperature behavior could be modelled as
C/T =~ + BT?. We observe a broad hump at T' ~ 40 K in C'(T)/T data, which
coincides with the temperature of the shoulder feature in p(7") data. The origins of
these features are likely both associated with splitting of the J = 5/2 Sm multiplet
by the CEF.

The entropy associated with the electronic and magnetic degrees of free-
dom, S(T'), has been calculated by integration, S(T) = [(C'/T)dT, and is pre-
sented in Figure VI.4(a). The total entropy released at T¢ is 0.9RIn2 J/mol Sm
K and reaches 28 J/mol Sm K at 50 K, which shows excess entropy relative to
theoretical magnetic contributions Rln(2J+1) = 14.9 J/mol Sm K for J = 5/2 or
17.3 J/mol Sm K for J = 7/2. This is primarily a result of including the large
electronic contributions to the entropy. In order to determine the magnetic con-
tribution to entropy near T, the electronic contribution needs to be subtracted
from S(T'), which is estimated to be vT. Using this estimate for the electronic
contribution to entropy below T¢, a magnetic entropy of 0.3RIn2 J/mol Sm K is
released at T. This value is much less than the value expected for localized mag-
netic moments from spin 1/2, as predicted by the Stoner-Wohlfarth theory, [35]
and provides further evidence that SmyNijoP7 is an itinerant ferromagnet.

The feature in C'/T data at T ~ 5 K is associated with ferromagnetic
order, consistent with our M (7T') and p(T') data. C'(T)/T decreases exponentially

for T' < T, suggesting that an energy gap opens on the Fermi surface. In order to
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study this behavior, we performed fits involving two scenarios. First, we assume
that the gap is associated with the spin-wave (magnon) spectrum. In this case,

the C’/T data at low temperature can be described by the expression, [36]

A
C')T = CJT — Cpp T = Co /T + Coag/T = 70 + BoT"? exp(—%), (IV.3)
B

where A¢ gy is the magnon energy gap, [y is a coefficient, and v, is defined as
C"/T in the limit 7" — 0 K. The best fit of C'(T")/T data by Eq. (3) yielded values
of 9o = 165 mJ/mol Sm K2, By = 9.9 J/mol Sm K32 and Acsw = 6.5 K. The
Ac,sw value is reasonably close to A, g = 3.8 K. However, 7y is obviously reduced
relative to yp, but is still considerably larger than for a conventional uncorrelated
metal. This difference between ~y and vp values can be explained by the formation
of an energy gap over a portion of the Fermi surface in SmyNijsP;. We find that
the gap removes about 7 /vp ~ 70 - 75% of the Fermi surface. A fit of the data

can also be made with the expression,

AC,FS)
kT 7

C" =~y + B1exp(— (IV.4)

which is a general behavior associated with an energy gap opening on the Fermi
surface. The best fit values from such a fit are with 5, = 14.2 J/mol Sm K and
Acrs = 8.9 K (red dashed line in Figure 4(b)) where A¢ pg is the energy gap
which opens on the Fermi surface. It is interesting to note that the values of the
energy gap from Eq. (3) and Eq. (4) are comparable to each other. In order to
determine whether the energy gap opens on the Fermi surface or is associated with
a gap in the spin-wave spectrum, it will be necessary to measure the spin-wave
spectra using neutron scattering or muon scattering measurements.

The Wilson-Sommerfeld ratio, Rw = (7?k%/(127;))X0/ 70, Where kg is
the Boltzmann constant, p.ss is the effective magnetic moment, and x is the

Pauli susceptibility, [37] is close to 1 for a free electron gas. [38] By using vy =
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165 mJ/mol Sm K? and the y, value obtained at the lowest temperatures when
the magnetic field is applied along the easy direction, we are able to estimate Ry,
~ 0.9, and Ry ~ 1.1 for the hard direction; these values are close to 1. We used
o instead of vp because the x( value was obtained in the temperature limit 7' <
Tc, and vp was determined for T' > T. This result provides additional support

for identifying SmyNi;oP7 as a heavy-fermion compound.

IV.E Summary

We reported measurements of the electrical resistivity, magnetization, and
specific heat for single crystals of the noncentrosymmetric compound SmsNi;5P7.
This compound exhibits ferromagnetic order with T = 5 K that is associated
with itinerant electron states as indicated by the calculated Rhodes-Wolfarth ra-
tio and the relatively small magnetic entropy released at T-. We have observed
evidence that SmyNijoP7 is also a heavy-fermion compound. The Sommerfeld
coefficient determined for T > Tg, vp = 650 mJ/mol Sm K2, is large and the
Wilson-Sommerfeld ratio is calculated to be 0.9 - 1.1 depending on the experimen-
tal values used to calculated it. These properties of SmyNijpsP; are comparable to
those of the isostructural compound SmyFe;5P7; [19] for example, both compounds
exhibit a large Sommerfeld coefficient value (v ~ 650 mJ/mol Sm K? and ~ ~ 450
mJ/mol Sm K? for T = Ni and T = Pd, respectively) and ferromagnetic transitions
at To ~ 5 K and Ty ~ 6.3 K, respectively. Furthermore, the ferromagnetic order
that develops in each compound is associated with itinerant electron states. On
the other hand, a single magnetic phase transition is observed in SmyNioP7 while
at least three distinct magnetic phases were observed in SmyFe,P7. Our results
for SmyNioP7, which are quite similar to those reported for the isostructural HF
ferromagnet SmyFe;5P7, suggest that SmyNijoP7 should be added to the exclusive
list of Sm-based HF ferromagnets.
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Chapter V

Synthesis and characterization of

the ZroFe;9P--type compound
Hf2F612P7

V.A Introduction

A relatively high incidence of interesting properties have recently been re-
ported for members of the so-called “2-12-7” family of non-centrosymmetric com-
pounds, [1, 2, 3, 4, 5] suggesting that this family of materials may represent a
largely unexplored reservoir of strongly correlated electron phenomena. Several
members of the 2-12-7 family have yet to be subjected to comprehensive char-
acterization of basic transport, thermal, and magnetic properties. The magnetic
behaviors of these compounds with generic chemical formula RyT15P7 are quite
variable depending on the ions that occupy the R and T sites. For example, 2-12-7
compounds are magnetic when 7' = Co (usually ordering ferromagnetically near
140 K), but tend to be non-magnetic when occupied by 7" = Mn, Fe, or Ni. [6, 7]
The R site can be occupied by almost all of the rare earths as well as some alkali
metal, alkaline earth, and group 4 elements.

We have recently embarked on a systematic search of 2-12-7 materi-

68
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als that are expected to be non-magnetic with the hope that one of these non-
centrosymmetric compounds might display superconductivity. In the course of
these studies, we have synthesized a new 2-12-7 compound, HfyFe 5P, which was
also reported by Jeitschko et al.. [8] This compound exhibits a nearly linear de-
pendence of the electrical resistivity on temperature, which motivated us to carry

out further measurements.

V.B Experimental details

Polycrystalline samples of HfsFe;oP7 were prepared by solid state reac-
tion. Hafnium chunks, iron powder, and pre-reacted FeP were weighed and mixed
in the stoichiometric ratio. A total mass of 0.5 g of sample was sealed in a quartz
tube under vacuum. The first heating cycle consisted of an initial ramp at 10-20
°C/hr up to 1000 °C for 72 hours. For the second heating cycle, the sample was
ground to a fine powder and cold pressed into a pellet. The pellet was sealed in a
quartz tube under vacuum, heated at a rate of 20-50 °C/hr to 1000 °C, and held at
this temperature for 24 hours. Finally, the pellet was re-ground and pressed into
a pellet for a third firing. The heating schedule for the third firing consisted of an
initial ramp rate of 100 °C/hr to 1135 °C, with a dwell time of 72 hours. To in-
vestigate the magnetic behavior of possible impurity phase FeyP, we also prepared
this compound in polycrystalline form by solid state reaction. Iron and phospho-
rus powders were weighed and mixed in the stoichiometric ratio. They were well
mixed, pressed into pellets, encapsulated in evacuated quartz tubes, and annealed
at 1000 °C for 48 hours. This process was repeated an additional time to promote
homogeneity of the sample.

X-ray powder diffraction measurements were made using a Bruker D8 x-
ray diffractometer utilizing copper K, radiation. The resulting powder diffraction
pattern was fit by means of a Rietveld analysis [9] implemented in the program suite

GSAS+EXPGUL [10] The magnetization was measured from room temperature
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down to ~ 2 K and in magnetic fields H up to 7 T using a Quantum Design (QD)
Magnetic Property Measurement System (MPMS). Specific heat measurements
in the temperature range 7' ~ 2 — 50 K were carried out with a QD Physical
Property Measurement System (PPMS) Dynacool, in magnetic fields H =0-9 T.
Measurements of the electrical resistivity were performed using a standard four-
wire technique down to ~ 2 K in a home-built *He system, while measurements
down to ~ 50 mK were made in an Oxford Instruments Kelvinox 3He-*He dilution
refrigerator. At the lowest temperatures, the electrical resistivity measurements
were repeated using several different excitation currents in order to ensure that

there was no spurious heating of the sample.
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Figure V.1: Powder x-ray diffraction data and residuals of the Rietveld refinement
fit. Vertical tick marks indicate the locations of expected Bragg reflections. The
space group is P6 with lattice constants of a = 9.023 A and ¢ = 3.580 A. The
arrow indicates a peak that may be related to the presence of a small amount of
an impurity phase.



72

V.C Results and discussion

Figure 1 shows an analysis of the x-ray diffraction measurements. We
present the residuals of the Rietveld refinement instead of the Rietveld refinement
fit in order to show details of the measured data, which confirm the ZroFeoP7-type
crystal structure (space group P6) with lattice constants a = 9.023 A and ¢ = 3.580
A. These lattice constants are similar to those recently reported by Jeitschko et
al.. [8] Though many 2-12-7 polycrystalline samples have been reported to contain
substantial impurities such as oxides [12] or iron phosphorus compounds, [11] the
results presented in Figure 1 indicate that the sample is nearly single phase. A
small Bragg reflection near 36 degrees could be from either Fe;P or HfO.

Isothermal magnetization M vs. magnetic field H measurements for
HfsFe5P7 at various temperatures are plotted in Figure 2(a). At and above 25 K,
the curves are roughly linear with insignificant negative curvature at low mag-
netic fields. This curvature might be related with the FeoP impurity phase. By
extrapolating the high-field slope of the magnetization curve at 100 K back to H
= 0 T, the saturation moment ps,; was determined to be ~0.002 pp/Fe which
suggests that the compound has ~0.04 % of FeyP inclusions. At lower tempera-
tures, the curves appear to be composed of two parts: a linear component and a
saturating, Brillouin function-like contribution. It is possible that the saturating
contribution is related to the presence of a small amount of another iron-containing
paramagnetic impurity phase. In an effort to extract the intrinsic magnetic behav-
ior of HfsFe9P7, we have attempted to estimate the contribution from a possible
paramagnetic impurity phase using a method similar to that previously applied to
the analysis of the magnetic properties of YosUgoPds. [13] The data measured at
2 K were chosen to estimate the paramagnetic impurity contribution, since these
data exhibit the most pronounced non-linearity compared to the other data. Fig-
ure 2(b) shows an analysis of the magnetization data measured at 2 K, where the

data are modeled as the sum of an intrinsic contribution M;,; = X H, which is
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linear in H with an intrinsic magnetic susceptibility, (M/H ), and a Brillouin-
like impurity contribution M;,,, = MyB; = NimpMsBy, where M, is the saturation

magnetization. The Brillouin function, By, is given by the following equation:

B 2J+1 2J +1 1 Y
where
g7J
= ——H. 2
V=T (V.2)

As H/T becomes large, the impurity contribution saturates to a value of My, which
can be expressed

My = nimngﬂBJ, (V-3)

where g; is the Landé g-factor and nj,, represents the number of ions which col-
lectively produce the impurity contribution. As shown in Figure 2(b), the M (H,T
= 2 K)) data can be fitted very well with the sum of an intrinsic linear contribution
and a MyB; term with total angular momentum J = g The fit is shown as a solid
line and the individual components are also plotted in Figure 2(b). In general, J
is the sum of the orbital angular momentum L and the spin angular momentum S;
however, since L is quenched in the case of Fe, J = S. Since the concentration of
FeyP determined by extrapolating the high-field slope of the magnetization curve
at 100 K back to H = 0 T is very small, ~0.04 %, it was ignored from the impurity
analysis described above. On the other hand, the behavior of M vs. H curves be-
low T' = 25 K might also be related with short-range magnetic correlations below

that temperature.
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Figure V.2: (a) Isothermal magnetization, M, plotted vs. magnetic field, H, for
several temperatures. (b) The filled squares indicate measured data, while the
red solid line represents a fit to the data which assumes M is composed of the
sum of linear M;,; = XineH and nonlinear M;,, = MyB; (Brillouin function)
contributions. These contributions are also plotted in the figure.
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Measurements of magnetization in an applied magnetic field of H = 0.5
T, M/H, as a function of temperature, T, are presented in Figure 3(a) where
the filled circles indicate the measured M/H. H/M is plotted in Figure 3(b),
where it is again represented as filled circles. The inset of Figure 3(b) displays
M/H vs. T data measured at H = 0.1 T of Fe,P with a Curie temperature
Te = 225 K, which may be present as an impurity phase in HfyFe;sP7;. H/M
displays a broad feature near 150 - 250 K; these temperatures are comparable to
the T¢ of the ferromagnetic compound FesP. Between 30 - 150 K, H/M is roughly
linear. M/H in this temperature range can be described by a Curie-Weiss law,
M/H = C/(T — 0), with a Curie-Weiss temperature § = -46 K and an effective

magnetic moment yi.rs that can be calculated from

”2ff
C=N-"2L, V4
3 (V.4)

Using Equation (4), we obtain p.rr = 2.3 pp/Fe. The value of p.ss is close to
2.2up/Fe, which is typically observed in Fe-based compounds. [?] The relatively
large, negative Curie-Weiss temperature is probably related to antiferromagnetic

correlations rather than being associated with antiferromagnetic ordering.
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Figure V.3: (a) Magnetization in an applied magnetic field of H = 0.5 T, M/H as
a function of temperature T" for HfyFe 5P~ (filled circles). The inset shows the es-
timated intrinsic M/H at low temperature. The impurity contribution, estimated
as described in the text, is indicated by the dashed line. The solid line represents
the estimated intrinsic contribution to M/H after subtracting the impurity con-
tribution from the measured data. (b) H/M as a function of temperature (filled
circles). The inset presents M/H as a function of temperature for FeoP measured

in an applied magnetic field of H = 0.1 T.
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As we have noted, the measured data in Figure 3 include an impurity
contribution (M/H )imp,. The impurity contribution (M/H ), can be estimated
by using the results from the analysis we conducted on M vs. H data measured
at 2 K. The result is shown in Figure 3(a). We have calculated the Curie constant
associated with the impurity contribution,

2
o — N, Hetr (V.5)
imp imp 3]€B ) .

where
fers = gapsy J(J +1). (V.6)

3

5 and g; = 2 so

If we continue to assume the impurities are Fe-based, then J =
that plerr = V355 per impurity ion. Since My = 4.98 g /Fe, the impurity concen-
tration n;m, is determined by Equation (3) (7, = 0.01). We can then calculate
Cimp and the intrinsic magnetic susceptibility (M/H )+ can be estimated. Af-
ter subtracting (M/H )iy, from the measured magnetic susceptibility (M/H )meas,
the intrinsic magnetic susceptibility (M/H);,; saturates towards a temperature
independent behavior at low temperature (see inset of Figure 3(a)). Estimating
the intrinsic effective magnetic moment s n¢ from the magnetic susceptibility
with the impurity contribution subtracted results in the value piefsine ~ 2.3 pp/Fe
which is identical to the result we obtained without subtracting the impurity con-
tribution. This result suggests that such a small amount of impurity contribution,
Nimp = 0.01, does not effect the magnetic susceptibility at high temperatures. This
result strengthens the possibility of short-range magnetic correlations below T =
25 K. However, the behavior of M/H is very sensitive to the magnitude of the
impurity contribution at low temperature as indicated in the inset of Figure 3(a).

Specific heat, C', divided by temperature, T, data, measured in magnetic
fields of H = 0 and 9 T, are shown in Figure 4(a) for the temperature range T
= 2 - 30 K. The specific heat well below the Debye temperature, ©p, can be
approximated by C(T) = vT + BT?, where y represents the electronic specific heat
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coefficient, and [ characterizes the lattice contribution. The values of g and ~
can be obtained from the slope and intercept, respectively, of a linear fit to a plot
of C/T vs. T? at low temperatures. The fit is shown in Figure 4(c), where the
data below T? = 400 K? (T = 20 K) have been omitted from the fit due to the
presence of a broad hump, and yields 8 = 0.53 mJ/mol-K*, corresponding to a
Debye temperature ©p = 414 K, and electronic specific heat coefficients v = 92.5
mJ/mol-K%-Hf and v = 88.5 mJ/mol-K*-Hf for H =0 T and H =9 T, respectively.
These values of 7 are very close to the values found for ThoFeoP7 (7 ~ 95mJ/mol-
K2, [?]) suggesting that the Hf d-electrons do not contribute significantly to the

density of electronic states at the Fermi level.
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Figure V.4: (a) Specific heat C' divided by temperature 7' measured in magnetic

fields of H = 0 T (filled circles) and H = 9 T (open circles).

(b) Electronic

contribution to the specific heat, C., divided by T vs. InT where the solid line
represents a fit of the expression C.(T")/T = a(In(Ty/T)) to the data at low tem-
perature. (c) C'/T data are plotted versus T2. The linear fit provides an estimate
of the electronic specific heat coefficient, v, and the coefficient, 3, as described in

the text.
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There is a broad hump in the C(7T")/T data near T' ~ 10 K, as shown in
Figure 4(a). Displayed in the Figure 4(b) are plots of C.(T)/T vs. InT, where
C. is the electronic contribution to the specific heat, obtained by subtracting the
lattice contribution (872) from C(T). A peak clearly emerges near 10 K in the
C./T data. This peak could potentially be related to magnetic order. Small
entropy changes near 7"~ 10 K of AS ~ 1.76 J/mol K and 1.97 J/mol K, suggest
that the peak might be related to short range magnetic order which supports
the results obtained from M/H vs. T and the character of M vs. H below
25 K. Below 4 K, the C'/T data exhibit a distinct upturn that is suppressed by
the application of magnetic field as shown in Figure 4(b). There are at least
three possible explanations for the low 7" upturn in C(7)/T at H = 0 T: (1)
It represents the high temperature tail of a nuclear Schottky anomaly, which is
highly improbable because the feature is suppressed by applied magnetic field and
the C(T) data below 4 K can not be described by an expression of the form
C(T) = AT2; (2) the feature is related to the onset of magnetic order; (3) the
upturn derives from the onset of non-Fermi liquid (NFL) behavior, which can be
characterized by a C'/T ~ In(Ty/T) temperature dependence. [15, 16] Figure 4(b)
presents a reasonable fit to the data of the expression C.(T)/T = a(In(7y/T)),
where a = 78.9 mJ/mol-K? and Ty = 35.9 K. The suppression of the upturn with
H suggests that the NFL behavior is suppressed by an applied field. Several origins
of NFL behavior are known, e.g., a magnetic instability leading to a quantum phase
transition, or single-ion effects as the multichannel Kondo effect, or a distribution
of Kondo temperatures. [15, 16] However, none of these phenomena seem to be
relevant in HfsFesP7.  An applied magnetic field would also tend to suppress
antiferromagnetic order, so this observation is consistent with that scenario as
well. A more definitive understanding of the origin of this upturn will require

additional specific heat measurement to lower temperatures.
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Figure V.5: Electrical resistivity p vs. temperature 7". The inset shows low tem-
perature p vs. T12. The solid line emphasizes the temperature range over which
the temperature dependence of p exhibits power law behavior with exponent 1.2.
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The temperature dependence of the electrical resistivity, p(T'), is pre-
sented in Figure 5 for 7'~ 0.05 - 300 K. From room temperature down to ~ 80 K,
the electrical resistivity exhibits negative curvature, which may be due to s — d
scattering as described by Mott and Jones. [18] Interestingly, no anomaly in the
resistivity is observed at low temperature, where analysis of the specific heat sug-
gested the presence of a (possibly antiferromagnetic) phase transition. The inset
of Figure 5 shows the p(T") between 0.05 - 3 K is nearly a linear function of tem-
perature. The electrical resistivity in this temperature range can be described by a
power law of the form p(T) = po+ AT"™, where the best fit yields pg ~ 41.6 uQcm,
A = 0.543 pQlem /K2 and n ~ 1.2. An electrical resistivity with a power-law T'
dependence with an exponent close to 1 at low temperature is typically cited as
evidence of NFL behavior. The electrical resistivity deviates from the nearly linear
T-dependence at temperature above ~ 3 K, which is comparable to the tempera-
ture where the upturn in C'/T begins. Despite the fact that none of the reported
origins of NFL behavior appear to be relevant in HfyFe;oP7, [15, 16] the behavior
of p(T') between 0.05 - 3 K is consistent with NFL behavior.

V.D Summary

We have reported measurements of the electrical resistivity, magnetiza-
tion, and specific heat in magnetic fields H = 0, 9 T and temperatures T down to
50 mK on polycrystalline samples of the compound HfsFe5P7. The samples were
found to contain a minor amount of secondary impurity phase as confirmed by
measurements of x-ray diffraction and magnetization. Hf;Fe;sP7 exhibit a linear
temperature dependence of electrical resistivity data at temperatures 0.05 < T <
3 K, an upturn in specific heat data at H = 0 T with a C'/T ~ —InT temperature
dependence, and possible short-range magnetic correlations according to the mag-
netization measurements. Fits to magnetization data at T" = 2 K with a Brillouin

function were used to estimate the paramagnetic impurities contribution that was
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subtracted from the data to determine the intrinsic M/H of this compound.
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author of the article.
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Chapter VI

Resolution of the discrepancy
between the variation of the
physical properties of
Ce;_,.YDb,Coln; single crystals
and thin films with Yb

composition

VI.A Introduction

The unusual effect of Yb substituents compared to that of other lan-
thanide substituents on the normal and superconducting state properties of the
heavy fermion compound CeColns has attracted much recent interest. [1, 2, 3,
4,5,6,7,8,9, 10, 11] Measurements of the electrical resistivity p(7"), magnetic
susceptibility x(7), specific heat C(T'), and tetragonal a- and c-lattice parameters
as a function of x, performed on flux-grown bulk single crystal specimens in in-

dependent studies by Capan et al. [1] and Shu et al. [2], yielded results that are
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in general agreement with one another. In the work of Shu et al. [2], the weak
variations of the coherence temperature T and superconducting critical tempera-
ture 7T, with Yb concentration x were attributed to stabilization of the correlated
electron state in the Ce;_,Yb,Colns system over a large range of x. Based on the
strong deviation of the tetragonal a- and c-lattice parameters and unit cell volume
V = a’c as a function of x from Vegard’s law (linear variation of a- and c-lattice
parameters with z), [12] it was suggested [2] that the stability of the correlated
electron state in Ce;_,Yb,Colns could be due to cooperative behavior of the Ce
and Yb ions involving their unstable valences that can range from 3+ to 4+ in
the case of Ce and 2+ to 34 for Yb. Since the 4 f-electron states of the Ce and
Yb ions are admixed with conduction electron states, they communicate with one
another through the conduction electrons. It was reasoned that the Ce and Yb
ions could then self-consistently adjust their valences so as to stabilize the heavy
electron state over a large range of Yb concentrations x. However, spectroscopic
measurements (EXAFS, XANES, and ARPES) by Booth et al. [3] and Dudy et
al. [8] found that the valence of Ce remains close to 3+ for 0 < x < 1, whereas
the valence of Yb remains close to 2.3+ for 0.2 < x < 1. These results are not
consistent with the aforementioned proposal [2] that the Ce and Yb valences vary
with Yb concentration. It is noteworthy that the experiments of Dudy et al. [8]
revealed that Yb undergoes a valence transition from 3+ at x ~ 0 to ~2.34 at x =
0.2. While there are issues of phase separation at values of  above ~0.8, [1, 2] we
emphasize that the valence of the pure YbColn; end-member compound (z = 1)
was found to be ~2.3+,[3, 8] which is important for the analysis presented herein.

Subsequent investigations of the Ce;_,Yb,Colns system revealed evi-
dence for other electronic transitions at x ~ 0.2, including a reconstruction of
the Fermi surface above x ~ 0.2, accompanied by a significant reduction in the
quasiparticle effective mass [5], and suppression of the quantum critical field as-
sociated with the correlated heavy fermion state to 0 K at a quantum critical

point (QCP) at = ~ 0.2. [7, 9] Surprisingly, these transitions have little effect on
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the unconventional superconductivity and non-Fermi liquid (NFL) behavior. Mea-
surements of 7T, vs. x in the range x = 0 and z = 0.7 show that 7, decreases
linearly with x from 2.3 K at x = 0 and extrapolates to 0 K at z ~ 1, with no
features near x = 0.2. The NFL signatures in p(7"), C(T'), and x(T") persist from
0 to x ~ 0.8 with an abrupt crossover to Fermi liquid (FL) behavior slightly above
this value of x: [2, 9] this suggests that the NFL behavior could be associated with
a new state of matter rather than being a consequence of the underlying quantum
phase transition at x ~ 0.2 and opens up the possibility that some other type of
electronic transition occurs near x ~ 0.8. [13] The region 0.8 < z < 1 is currently
being explored.

Measurements of electrical transport properties on Ce;_,Yb,Colns thin
films revealed that the variation of the physical properties is much stronger than
that observed in the Ce;_,Yb,Colns single crystals, but weaker than that which
is found for other lanthanide substituents in CeColn; single crystals; [6] the rate
of depression of T and T, with Yb concentration for the thin films is about three
times greater than that observed in the single crystals. In this paper, we describe
an analysis we have performed on bulk single crystals of Ce;_,Yb,Colns that ap-
parently resolves the discrepancy between the bulk single crystal and thin film
experiments. The analysis involves the application of Vegard’s law to estimate the
actual composition x,. using the variation of the tetragonal a- and c-lattice pa-
rameters and the spectroscopically-determined valences of Ce and Yb as a function
of nominal composition x in flux-grown Ce;_,Yb,Colns single crystals. The anal-
ysis is unusual, since we are using the known valences of Ce and Yb as a function
of x to determine the actual Yb concentration x,. (assuming that all of the lan-
thanide sites in the compounds are occupied by Ce or Yb ions; i.e., no lanthanide
vacancies). In the usual Vegard’s law analysis, the lanthanide sites are occupied
by lanthanide ions according to their nominal concentrations, and the deviations
of the lattice parameters from Vegard’s law are used to estimate the valence of

one of the lanthanide ions. [15, 16] Direct support for the Vegard’s law analysis



38

is provided by energy dispersive x-ray spectroscopy (EDS), wavelength dispersive
x-ray spectroscopy (WDS), and transmission x-ray absorption edge spectroscopy
(TXAS) measurements on selected single crystals, which are reported herein. Al-
though XAS usually refers to both fluorescence and transmission data, only the
step height in transmission data is proportional to the number of atoms within
the x-ray beam and we use the designation TXAS to highlight this difference.
The Vegard’s law analysis of the a- and c-lattice parameters indicates that the
actual Yb composition of the single crystals is about 1/3 of the nominal compo-
sition in the range 0 < x < 0.5, resolving the discrepancy between experiments
on Ce;_,Yb,Colns single crystals and thin films. It is noteworthy that the actual
composition of the Ce;_,Yb,Colns single crystals prepared from a molten indium
flux is in registry with the nominal composition of the starting material contained
in the molten flux, but is only about 1/3 of its value in the range 0 < x < 0.5. The
sharpness of the specific heat feature associated with the superconducting tran-
sition, [1, 2] which reflects the bulk behavior of the crystals, indicates that the
Ce1_,Yb,Colnj single crystals are homogeneous up to Yb nominal compositions
of x ~ 0.5. As a result, all of the experiments on Ce;_,Yb,Colns single crystals
that have been performed in the range 0 < x < 0.5 are still valid but the actual
Yb concentration is about 1/3 of the nominal concentration; i.e., T,y =~ x/3. At
higher z, the Vegard’s law analysis indicates that the ratio of x, to x increases
continuously with x to the value of 1 at x = 1, as it must for the pure YbColns;
end member compound.

In the study by Shu et al., [2] the samples selected for p(T), x(T') and
C(T) measurements had actual Yb compositions z,., as determined from EDS
measurements, that were close to the nominal composition x. We have performed
further EDS measurements on samples with the same values of x as those reported
in the work of Shu et al. and found that the values of x,., inferred from EDS
measurements, exhibit bimodal behavior in which z, &~ x/3 for some crystals,

whereas z,. =~ x for other crystals, with large uncertainties in the values of .
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A possible reason for this bimodal behavior of x,. may be that the single crystals
have a bimodal Yb surface composition z,; ~ /3 and 2, ~ = and a bulk com-
position . ~ /3. As we explain in the following, this result is consistent with
an analysis based on the application of Vegard’s law to the unit cell volume, V',
vs. x data, where V' was determined from powder x-ray diffraction measurements

of the tetragonal a- and c-lattice parameters (i.e., V = a’c).

VI.B Experimental details

Single crystals of Ce;_, Yb,Colns were grown using a molten indium flux
method in alumina crucibles, as described previously [17]. Powder x-ray diffraction
measurements, performed at room temperature, reveal that the Ce;_,Yb,Colns
single crystals form in the tetragonal HoCoGas structure. The tetragonal a- and
c-lattice parameters were determined from a least-squares fit of the peak positions
in the x-ray powder diffraction pattern using GSAS and EXPGUI, [?, 14] It should
be noted that our lattice parameter values are in good agreement with those of
Capan et al.; [1] however, in the analysis described below, we use the data for the
a- and c-lattice parameters of Capan et al., since the scatter in their data is smaller
than in ours.

Energy dispersive x-ray spectroscopy (EDS) measurements were carried
out at the University of California, San Diego on various samples that have been
prepared for the experiments reported in Refs. [2, 4, 7, 8,9, 10, 11|, the wavelength
dispersive x-ray spectroscopy (WDS) measurements were performed at Iowa State
University, Ames National Laboratory, on samples studied in the penetration depth
experiments and on several other samples with different Yb concentrations, [10]
while the transmission x-ray absorption edge spectroscopy (TXAS) measurements
were performed at the Stanford Synchrotron Radiation Laboratory on samples
specifically prepared for the TXAS measurements. The EDS, WDS, and TXAS

measurements are discussed in more detail below.
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Measurements of electrical resistivity were performed down to ~1.1 K in
a *He Dewar using a Linear Research LR700 ac resistance bridge. Four wires were
adhered to gold-sputtered contact pads on each single crystal using silver epoxy.
Typical contact resistances of 100 mf2 or less were measured at room temperature

by comparing two- and four-wire resistance measurements.

VI.C Results and discussion

Before determining the actual Yb concentration x,. in single-crystalline
samples of Ce;_, Yb,Colns, we demonstrate that Yb is incorporated into the single
crystals systematically and in registry with the nominal Yb concentration z. In
Fig. 1(a), the inverse of the residual resistivity ratio (RRR) is plotted vs z. We
calculated the inverse of the RRR from electrical resistivity p(7") measurements
(not shown) on several single crystals as py/p(300 K), where py is the residual
electrical resistivity. The data are plotted this way because py/p(300 K) does not
suffer from errors associated with measuring the geometrical factor. It is clear that
the data in Fig. 1(a) are linear up to x = 0.5, convincingly demonstrating that
Yb is incorporated into the crystal structure systematically (i.e., temperature-
independent impurity scattering characterized by py increases relative to po/p(300
K) with increasing nominal Yb concentration z). We are also able to demonstrate
that the variation of the physical properties of the Ce;_,Yb,Colns system is a
systematic function of the RRR as seen in the plot of superconducting critical
temperature 7, vs. RRR in Fig. 1(b). This result further emphasizes that the
RRR values meaningfully characterize the level of disorder in the single crystals,

and that z,. is in registry with x.
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Figure VL.1: (a) Inverse of the residual resistivity ratio (RRR), calculated as
po/p(300 K) from measurements of electrical resistivity on distinct samples, plot-
ted vs.nominal Yb concentration x for the Ce;_,Yb,Colns system. The dashed
line is a guide to the eye. (b) Superconducting critical temperature T, plotted
vs. RRR from the same measurements shown in panel (a). The dashed curve is
a guide to the eye. Vertical bars characterize the width of the superconducting
transitions and were calculated using the temperatures where p(7T") drops to 90%
and 10% of its normal-state value just above T..
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VI.C.1 Estimate of actual Yb concentration using Vegard’s law

Vegard’s law refers to the linear variation of the lattice parameters or unit
cell volume when an element is substituted for another element in a compound
for which the crystal structure does not change and the chemical composition is
known. This relation is often used to estimate the valence of lanthanide ions,
which have valence instabilities such as Ce, whose valence can range from 3+ to
4+, and Sm, Eu, Tm, and Yb, whose valence can range from 2+ to 3+ [15, 16]. In
this work, we instead employ Vegard’s law in a different manner to estimate the
actual Yb concentration z,. in the Ce;_,Yb,Colns system using the valences of
the Ce and YD ions, derived from spectroscopic measurements, and the tetragonal
a- and c-lattice parameters, determined from x-ray diffraction measurements on
powdered Ce;_,Yb,Colns samples, as a function of nominal Yb concentration x.
Since previous investigations have shown that the valence of Yb changes from 3+
to 2.3+ between z = 0 and z = 0.2 [8] and remains 2.3+ for all concentrations
greater than x = 0.2 [3, 8], the unit cell volume V' = a?c of Ce;_, Yb,Colns should
be a linear function of x between 0.2 and 1.0, according to Vegard’s law. We
would expect a subtle non-linear variation of V' with x for < 0.2 as the Yb
valence changes from 3+ to 2.3+ in the range 0 < z < 0.2. In Fig. 2, we show
a plot of the measured unit cell volume V' vs. z, based on the x-ray diffraction
measurements of a and c-lattice constants for Ce;_,Yb,Colns as a function of x,
and a plot of V' vs. x based on Vegard’s law. The lattice parameter data of Capan
et al. [1] were used since they show less scatter than the data of Shu et al. [2]. By
adjusting the measured values of V' to the Vegard’s law curve (illustrated by the
arrows in Fig. VI.2), we can estimate the actual concentration x, of Yb. The
values of z,.; determined by means of this procedure are shown in the z,. vs. = plot
in Fig. 3(b). For values of = below ~0.5, the actual bulk Yb concentration x,. is
about 1/3 of the nominal concentration x. For comparison, Fig. VI.3(a) shows
vs. x data based on EDS and PIXE measurements on flux grown Ce;_,Yb,Colns

single crystals prepared at UC, Irvine and UC, San Diego. In Fig. 3(a), the x,q
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vs. x data are consistent with z,, ~ /3 for x values up to z ~ 0.6. Shown in
Fig. 3(b) are measurements of the bulk concentration of Yb based on EDS, WDS,
TXAS, described in the following, that are also seen to be consistent with x,. =~

x/3 up to x =~ 0.5.
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Figure VI.2: Unit cell volume V' vs. nominal Yb concentration = for the system
Cej_, Yb,Colns (filled circles) based on the data of Capan et al. [1]. The dashed
straight line represents Vegard’s law between the unit cell volumes of the end mem-
ber compounds CeColns, in which the Ce ion has a valence of 3+, and YbColns,
in which the Yb ion has an intermediate valence of 2.3+. Since the Yb ion has a
valence of 2.3+ in the range 0.2 < x < 1, the unit cell volume V' should conform
to the dashed line in this range of = values, with small deviations in the range
0 < x < 0.2 where the Yb ions undergo a valence transition between 3+ and 2.34.
The actual concentration of Yb, x,., can be estimated by displacing the observed
V(z) data (solid circles) to the left, as illustrated by the horizontal arrows, so that
they lie on the linear Vegard’s law relation (dashed black line).
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VI.C.2 EDS, WDS, and TXAS measurements of the actual Yb con-

centration

The results of EDS measurements on selected Ce;_, Yb,Colns samples are
shown in the x, vs. z plot in Fig. 3(b). The method in which the data were taken
is illustrated in Fig. VI.4, which shows photographs of several Ce;_,Yb,Colns
samples with nominal Yb concentrations of x = 0.175 and 0.2, labeled with the
letters A, B, C, and D, that have been affixed to conducting carbon tape for the
EDS measurements. The EDS measurements were made on each of the samples
at several different spots defined by the regions outlined by the black rectangles
on the photographs of the crystals. The measured values of =, x,,eqs, for each of
the regions are indicated in the lower panel of Fig. 4 for the crystals labeled A,
B, C, and D for the two selected Yb compositions, where the dashed lines indicate
the average value of all the data for each Yb nominal concentration. The average
values of the measurements and the error derived from the standard deviation are

plotted as x,. vs. z in Fig. 3(b).
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Figure VL.3: (a) Actual Yb concentration z,. vs. nominal Yb concentration x
as obtained from EDS measurements reported by Dudy et al. [8] (solid black
squares) and PIXE and EDS measurements reported by Capan et al. [1] (solid red
circles and solid inverted blue triangles, respectively). (b) Actual Yb concentration
Tact VS. nominal Yb concentration = based on: (1) Vegard’s law analysis of V' (z)
measurements (solid red triangles); (2) average value of the measured Yb concen-
tration from several EDS measurements with error bars defined as the standard
deviation (solid black circles); (3) WDS measurements (inverted unfilled triangles);
(4) TXAS measurements (solid blue squares).
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Figure VI.4: Illustration of method for acquiring EDS data on the single crystals.
Two samples with x = 0.175 and 0.2 were affixed to conducting carbon tape for
EDS measurements labeled with the letters A, B, C, and D. The EDS measure-
ments were made on each sample within several different regions with varying sizes
enclosed by the black rectangles. The results of the measurements are plotted as
the red and black solid circles for x = 0.175 and 0.2, respectively. The dashed lines
represent the average value of the data and are denoted as x, in Fig. 3 for each
of the two concentrations.
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VI.C.3 Wavelength dispersive x-ray spectroscopy (WDS) measurements

Wavelength dispersive x-ray spectroscopy (WDS) measurements were per-
formed using a JEOL JXA-8200 electron microprobe on all samples used in the
London penetration depth study [10] and several representative samples at other
nominal concentrations of Yb, including samples with Yb from different sources.
The composition of each single crystal was measured at twelve different locations
on typically 0.5 x 0.5 mm? samples and averaged, yielding statistical error of com-
positional measurement of about Az = 40.005. This error bar is substantially
smaller than that of the EDS measurements because of the weakness of the Yb
line, which causes the EDS measurements to have significantly lower spectral reso-
lution and a small signal to noise ratio. The M-lines of Yb as measured in materials
with Yb*", YbF3 and YbRh,Si, are shown in Fig. 5(a) and in Fig. 5(b) for data
normalized at the peak position. The data for YbColns and Ce;_,Yb,Colns with
a nominal Yb concentration of z = 0.40 are also shown in Figs. 5(a) and (b). Two
features in the data should be noted. First, the M-lines in compounds with Yb3+
are slightly shifted with respect to the lines in both YbColn; and Ce;_,Yb,Colns,
where the lines coincide. These observations are consistent with an Yb valence that
is different from 34+ in Ce;_,Yb,Colns compounds for the whole series and are in
agreement with previous spectroscopic measurements of the Yb valence [3, 8]. This
result provides direct evidence that Yb substitution induces hole doping, similar
to Cd substitution [19]. Furthermore, both direct comparison of the spectra in
Fig. 5(a) and more quantitative analysis of z, taking into account mutual absorp-
tion, show that the actual Yb concentration x,. is proportional to and smaller
in magnitude than the nominal Yb concentration x, roughly by a factor of 3, as

shown in Fig. 3.



99

-
(=]

e
™

o
-

o
N

Intensity (normalized)

LT A s i r 00 ¥ Yy A
500 1510 1520 1530 1540 1550 1500 1510 1520 1530 1540 1550

Energy (eV) Energy (eV)

Figure VI.5: Results of wavelength dispersive x-ray spectroscopy (WDS) mea-
surements performed on samples used in a penetration depth study [10] for two
representative samples with nominal Yb concentrations x = 0.4 and x = 1 and
two compounds in which Yb is trivalent, YbF3 and YbRhySis. (a) M-line of Yb
for the four compounds. (b) Data in Fig. VI.5(a) normalized at the peak posi-
tion. Note that the M-lines in the compounds with Yb3* are slightly shifted with
respect to the lines in both YbColns and Ce;_,Yb,Colns, where the lines coin-
cide. These observations are consistent with an Yb intermediate valence of 2.3+
for Ce;_,Yb,Colns in the range 0.2 < z < 1.
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VI.C.4 Transmission X-ray absorption spectroscopy (TXAS) measure-

ments

To determine the Ce and Yb concentrations relative to Co from x-ray
absorption spectroscopy, the absorption step heights at the Ce and Yb Ly edges
and the Co K edge were measured in transmission. The advantage of transmission
measurements is that they do not just detect the atoms near the surface of the
material, but instead probe all the atoms of interest, since the x-ray beam passes
through the sample. The drawback is that they also detect atoms associated with
inclusions that consist of the flux (in this case, indium) or impurity phases. For
each thin powdered sample, transmission data were collected at the same point
on the sample. The transmission step height is a direct measure of the number of
atoms in the beam; using thin layers minimizes the effects of sample pinholes and
inclusions. We have also checked that using a thicker sample (twice as thick) gives
the same step-height ratios. Examples at the Yb Lj and Co K-edge are shown
in Fig. 6. To obtain the atomic ratios, we first normalize each step by the known
absorption step per atom for that element, from the MacMaster x-ray absorption
cross-sections [20]; then the atomic ratios are given by the ratios of these normalized
step heights. Assuming the Co site is fully occupied, this ratio directly gives the
Yb or Ce concentration. The errors in such concentration measurements are about
5%. A similar approach was used to determine the Zn concentration in Zn doped
LiNbOs [21]. The measured Ce concentrations are close to the nominal values, but
the Yb concentrations are much lower than expected. The Yb concentrations are
plotted in Fig. 3(b), which shows z,¢ vs. z, for two samples with nominal Yb

concentrations of 0.3 and 0.4.
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Figure VI.6: Plots of the Co K (a) and Yb Ly (b) edges after a linear pre-edge
subtraction, which sets the pre-edge region at zero. A straight line fit above the
edge shown as a black line, provides an estimate of the step height at the edge. The
data just above each edge that contain the XANES structure were not included in
this straight line fit.



102

VI.C.5 Correction of the T vs. Yb concentration phase diagram

The values of the actual Yb concentration, x,., determined from the Ve-
gard’s law procedure and supported by the measurements of x,. described above,
can now be used to correct the T vs. Yb concentration phase diagram proposed
in Refs. [1, 2]. In Fig. 7, the values of the superconducting critical temperature
T, are shown vs. the actual concentration x,., and compared to the data for the
studies on thin films by Shimozawa et al.. [6] The T, vs. x, phase boundary
for both the bulk single crystal and thin film measurements are in good agreement
with one another, which supports the procedure to determine the actual Yb con-
centration we have employed in this work. A revised phase diagram that includes
the T, vs. x, phase boundary and the dependence of the Kondo lattice coherence
temperature T on x,. is displayed in Fig. 8. The only remaining discrepancy
between the behavior of bulk single crystals and thin film samples is that, while
T* is monotonically suppressed in the thin film samples with increasing x,., T
increases with increasing .., above x,. ~ 0.25 in single crystals. While we do not
understand the origin of this discrepancy, we note that the thin film samples differ
from the single crystals through the presence of the substrate, arrested a-lattice
parameter, etc. [6].

This revision of the phase diagram of Ce;_,Yb,Colns does not change
any of the interesting physics that has been found for this extraordinary system,
but simply readjusts the concentration at which various phenomena occur. In
particular, we now conclude that the valence transition of Yb from 3.0+ to 2.3+

occurs between = 0 and ~0.07.
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Figure VI.7: Superconducting critical temperature 7T, determined from measure-
ments of p(T") vs. x for Ce;_,Yb,Colns. The data of Shu et al. [2] (filled circles)
and Capan et al. [1] (filled triangles) for flux grown single crystals are plotted
vs. x, where x represents the nominal concentration (upper horizontal axis). The
unfilled circles and triangles indicate those same 7T, values plotted vs. .., where
Tact ~ x/3 represents the actual Yb concentration (lower horizontal line). The
solid line indicates the evolution of T, with x for thin film samples reported by
Shimozawa et al.. [6] In the case of the thin films, the actual concentration is
identical to the nominal concentration x.
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Figure VI.8: Coherence temperature 7™ and superconducting critical temperature
T. vs. actual Yb composition, Z,., for flux grown single crystals [2] and thin films.
[6] The actual Yb concentration x,. for the single crystals was inferred from the
nominal concentration as described in the text, while z,. for the thin films is the
same as the nominal Yb composition.
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VI.D Concluding remarks

The analysis involving Vegard’s law and the spectroscopically-determined
valences of Ce and Yb in the Ce;_,Yb,Colns system have yielded estimates of the
actual Yb concentration x,. ~ /3 for = below ~0.5. The relation between
and x derived from this analysis is supported by the results of EDS, WDS and
TXAS measurements reported in this work.

The subnominal Yb concentration encountered in Ce;_,Yb,Colns single
crystals is not without precedent for other substituents in CeColns. For instance,
Cd, Hg, and Sn substitution on the indium site occurs at fractional values of the
nominal concentration [19, 22, 23]. In addition, there is a strong preference for
substitution on the In(1) site [3], which has implications for how the electronic
structure is tuned. Similar obstacles are also seen for Pt and Ru substitution. [23,
25] Moreover, in the case of CeCo;_,Ru,Ins, not only is the measured x less than
the target x, but it is also seen that the Ru ions form clusters in the 115 lattice (at
least on the surface of the flux grown crystals). [25] There is evidence that such
problems may also be found in other transition metal substitution series: e.g., the
broad region of coexistence of antiferromagnetism and superconductivity in the
T-z phase diagram for CeCo;_,Rh,In; may suggest phase separation in localized
regions of individual crystals. [26] An exception to these difficulties is seen for
lanthanide substitution of the Ce site (e.g., in Ce;_,R,Colns (R =Y, La, Pr, Nd,
Gd, Dy, Er, and Lu)), which appears to be straightforward. [27, 28, 29]

However, as we have described above, R = Yb substitution is problematic
and occurs only at fractional values of the nominal concentration, similar to what
is seen for substitution on the indium and transition sites. This result accounts for
our earlier reports of an exceptional T-z phase diagram for Ce;_,Yb,Colns and,
upon rescaling of x, our phase diagram is now in close agreement with that of thin
films of Ce;_,Yb,Colns. Notably, it is important and interesting that the actual

concentration X, is in registry with the nominal concentration x of the starting
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material in the molten In flux. As a result, none of the interesting physics that
has been found for this extraordinary system is changed; the various electronic
transitions and phenomena simply occur at an actual Yb concentration x,. ~ x/3
for  below ~0.5. In particular, we now conclude that the valence transition of Yb
from 3.0+ to 2.3+ occurs between z = 0 and ~0.07. As we noted above, Vegard’s
law is ordinarily used to determine changes of valence of lanthanide ions with
unstable valence when the lanthanide sites are completely occupied by lanthanide
ions. In the present case, we use the known valences of the Ce and Yb ions as
a function of z, determined from spectroscopy, and Vegard’s law to estimate the
actual concentration x,. of the Yb ions. This resolves the discrepancy between
the variation of the coherence temperature 7" and the superconducting critical
temperature 7T, with Yb substituent concentration in the Ce;_,Yb,Colns bulk

single crystals and thin films.
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