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Magnetic and transport properties of the mixed-valent compound YbRh2Ga
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We report the measurements of specific heat, electrical resistivity, magnetic susceptibility, Hall coefficient
and thermoelectric power on a ternary compound of YbRh2Ga, which crystallizes in the triple-hexagonal
Na3As-type structure with the space groupP63 cm. YbRh2Ga remains in a paramagnetic state down to 1.2 K.
The magnetic susceptibility exhibits a broad maximum around 90 K forHic or 170 K forH'c, respectively.
Such maximum is a characteristic of the Ce- and Yb-based mixed-valent compounds. The temperature depen-
dence of electrical resistivity shows anS-type behavior. The electronic specific heat coefficient is 36.6
mJ/molK2, which is nine times larger than that of YRh2Ga ~3.9 mJ/molK2! with no 4f electron. The thermo-
electric power (DTic) shows a broad minimum at about 120 K with a relatively large negative value,;236
mV/K, which is typical for Yb-based spin-fluctuation systems. The Hall coefficient (Jic,H'c) exhibits a
maximum around 60 K; at higher temperatures it varies with temperature in a manner suggestive of skew
scattering. All of the measurement results indicate that YbRh2Ga is a typical mixed-valent system. The anisot-
ropy observed in YbRh2Ga indicates anisotropic hybridization between localized 4f -electron and conduction
elections.

DOI: 10.1103/PhysRevB.69.054435 PACS number~s!: 75.30.Mb, 71.27.1a, 75.20.Hr
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I. INTRODUCTION

It is well known that some Ce-, Sm-, Eu-, and Yb-bas
intermetallic compounds exhibit mixed-valent or valenc
fluctuating behaviors.1,2 The unconventional behaviors a
reflected in unit-cell volume, static dc susceptibility, elect
cal resistivity, etc., and are thought to result from the pro
imity between the energy level of the 4f electrons to the
Fermi level and the resulting hybridization between the
electrons. Recently, the new ternary compound of YbIr2Ga
with a quasi-two-dimensional~2D! structure was character
ized to be in a mixed-valent state.3 The electronic specific
heat is as large 21.7 mJ/molK2 and the magnetic susceptibi
ity shows a broad maximum near 180 K (Hic) or 250 K
(H'c), respectively. However, the electrical resistivity w
found to be featureless. In order to further understand
formation of the mixed-valent behavior with nonmagne
ground state in this quasi-2D system, we try to grow
single crystal of YbRh2Ga and measure the physical prope
ties. Here we report our preliminary results of magnetic s
ceptibility, specific heat, electrical resistivity, Hall coefficie
and thermoelectric power in YbRh2Ga. We found that
YbRh2Ga shows a pronounced mixed-valent or valen
fluctuating behavior. It is rather uncommon to find mixe
valent behavior in noncubic systems.

II. EXPERIMENT

The single crystals of YbRh2Ga were grown from a
Ga-flux.3 The obtained crystals were characterized by a po
der x-ray diffraction method using Cu–Ka radiation at room
temperature. The dc electrical resistivity and Hall coefficie
measurements were performed by standard four- and
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probe methods, respectively, between 1.5 K and room t
perature. The specific heat was measured by the relaxa
method in zero field and in 8 T in the temperature range fr
1.2 to 40 K. The magnetic susceptibility measurements w
carried out in a magnetic field of 0.5 T between 1.8 and 3
K using the quantum design~SQUID! magnetometer. The
thermoelectric power was measured between 2 K and room
temperature using a four-wire dynamic method. All measu
ments were performed on the well-polished samples.

III. RESULTS AND DISCUSSION

The power x-ray diffraction pattern of YbRh2Ga single
crystals shows that the sample crystallizes in the trip
hexagonal Na3As-type structure with the space grou
P63 cm.3,4 No traces of secondary phases were observ
The crystal structure can be described as a layered quas
structure,3 in which Yb–Ga layers are separated by Rh lay
stacked along thec axis. This structure indicates tha
YbRh2Ga should have a large anisotropy in physical prop
ties. The lattice parameters for YbRh2Ga are a57.483
60.002 Å and c59.46160.003 Å, obtained by a least
squares fit to the experimental data. Figure 1 shows a plo
the unit-cell volume vs rare-earth elements~Gd–Lu!.5 A vol-
ume anomaly appears for YbRh2Ga, which suggests the di
valent or intermediate state of the Yb ions.

Figure 2 shows the temperature dependence of magn
susceptibility with magnetic fieldH ~50.5 T! applied parallel
or perpendicular toc axis in the temperature range 1.8–39
K. The susceptibilityx i (Hic) is much larger thanx'

(H'c) in all of the measured temperature range. This stro
anisotropy is thought to be due to anisotropicc-f mixing
interaction6 along the a and c axis of the hexagona
©2004 The American Physical Society35-1



es
th

u

o

a
y

.

of
el.
ed
s of

a-

all

the

er-
tion
-

th
and
he

red
he

e

f
ed
d

ea-

o-
ad

ased
a

ic-

igh
o
ed

fo
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Na3As-type structure. The distinctive feature ofx(T) curves
is a broad maximum atTmax,x'90 K for Hic and Tmax,x
'170 K for H'c, respectively. The high temperature scal
Tmax,x;100 K, are typical of mixed-valent compounds wi
Kondo temperatureTK greater than 500 K.1,2 No impurity
trail was observed in the susceptibility of YbRh2Ga at the
lowest temperatures, indicating the high quality of o
sample. Above 250 K,x i(T) follows Curie–Weiss law,
x(T)5Nmeff

2 /3kB(T2Q), and gives effective momentmeff

53.43mB and Weiss temperatureQ5240 K. The value of
effective moment is reduced from 4.54mB expected for free
Yb31 ions, which indicates an intermediate valence state
the Yb ions in YbRh2Ga. Butx'(T) does not exhibit Curie–
Weiss behavior up to 390 K. According to the Bethe-ans
solution of Coqblin–Schrieffer model for Kondo-impurit
system,7 the characteristic spin-fluctuation temperatureT0
could be estimated from

T05n~n221!~gmB!2/24kBx~0!, ~1!

wheren is the magnetic degeneracy,g is the Lande´ g factor,
mB is the Bohr magneton, andkB is Boltzmann’s constant

FIG. 1. Unit-cell volume vs rare-earth element inRRh2Ga com-
pounds.

FIG. 2. Temperature dependence of magnetic susceptibility
YbRh2Ga with magnetic field (H50.5 T) applied parallel or per-
pendicular toc axis. The solid lines are the fits ofx to the ICF
model with the parameters given in the text.
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x~0! is estimated to be 5.6831023 emu/mol for Hic or
2.1431023 emu/mol for H'c, respectively. Takingn58
and g58/7, we get the characteristic temperatureT0
5577 K for Hic or 1532 K for H'c, respectively, which
is comparable to the valueT05824 K obtained by using
the equation C/T(T→0)5g5(n21)pkB/6T0 , and g
536.6 mJ/molK2 given in later. Rajan7 had given the tem-
perature dependence of magnetic susceptibility in terms
the Bethe-ansatz solution of the Coqblin–Schrieffer mod
We have tried to fit experimental data using the obtain
parameters. However, in this case, the theoretical curve
x(T) do not reproduce the experimental results well~not
shown here!. The disagreement may be attributed to the v
lency of Yb ions in YbRh2Ga, which deviates strongly from
13; this point can be understood from the relatively sm
effective moment value. Bickerset al.8 have calculated the
temperature dependence of magnetic susceptibility with
4 f occupation numbernf,1 for n56 and found thatx(T)
deviates strongly from the casenf51.

An alternative approach describing the features of int
mediate valence systems is the interconfiguration fluctua
~ICF! model.9 In the ICF model, the interaction of the con
duction electrons with the 4f shell induces that the rare ear
ion fluctuates between two configurations: ground state
excited state. The magnetic susceptibility of Yb ions in t
ICF model can be written as

x5N~4.54mB!2y~T!/3kB~T1Ts f!1x0 ~2!

and

y~T!58/$81exp@2Eex/kB~T1Ts f!#%, ~3!

whereEex is the energy difference between the 4f 14 and 4f 13

states, andTs f is spin-fluctuation temperature,x0 is the tem-
perature independent susceptibility. The fits of the measu
data to Eqs.~2! and ~3! are in reasonable agreement in t
high temperature region and give2Eex/kB5294 K, Ts f
562 K and x0529.331024 emu/mol for Hic, or
2Eex/kB5684 K, Ts f5164 K, and x0524.8
31024 emu/mol forH'c, respectively. The large negativ
Eex values indicate that the magnetic 4f 13 state is situated
well above the nonmagnetic 4f 14 ground state. The values o
Eex andTs f are comparable to those of well-known Yb-bas
compounds like YbAl3 .9 The valence of Yb ion estimate
from Eq. ~3! is 2.78 forHic or 2.65 forH'c at room tem-
perature.

The temperature dependence of electrical resistivity m
sured with the currentJ parallel or perpendicular toc axis is
shown in Fig. 3. The electrical resistivity increases mon
tonically with temperatures up to room temperature. A bro
shoulder was observed at;150 K for both directions. This
temperature dependence resembles that of typical Yb-b
mixed-valent compounds such as YbAl3 , which possesses
characteristic temperatureTK;670 K.1,10 This relatively
largeTK value is expected to overcome the crystal-electr
field ~CEF! splitting. In YbRh2Ga, r i (Jic) is much larger
thanr' (J'c) over all the temperatures, suggesting the h
anisotropy. This anisotropy inr could be also considered t
result from the anisotropic hybridization between localiz

r
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4 f -electron and conduction elections.6 At room temperature,
r i is 110mVcm andr' is 80 mVcm, respectively, which is
the same order of magnitude as other known mixed-va
compounds.1,2As shown in the upper inset of Fig. 3,r shows
a T2-dependence up to 25 K, indicative of Fermi-liquid b
havior or spin fluctuations. The fit of equationr5r01AT2

to the data yields the residual resistivityr0537.42mVcm
~10.21mVcm! andA50.0047mVcm/K2 ~0.0033mVcm/K2!
for Jic (J'c), respectively. TheA value alongc axis is
larger than that perpendicular toc axis. To estimate the mag
netic contributionrm to the electrical resistivity, we use th
data of YRh2Ga as a reference material~not shown here!. We
assumed that the temperature dependence of resistivit
YRh2Ga represents the phonon contribution to the resisti
of YbRh2Ga and the residual resistivity is approximately t
same in both compounds, and then we getrm5rYb2rY .
The obtainedrm vs T was plotted in the lower inset of Fig. 3
The prominent feature of the magnetic resistivity is the pr
ence of a broad maximum atTmax,rm'150 K. Similar behav-
iors have been observed in many valence-fluctua
systems.1,11,12 In most of the cases, the temperature scale
this transport anomaly is comparable toTmax,x deduced from
the magnetic susceptibility. SinceTmax,x can be chosen as a
order of magnitude estimate of the Ce~Yb! spin fluctuation
temperature, it is natural to attribute the anomaly of resis
ity to a strong Ce~Yb! spin-scattering for those compound
whereTmax,rm'Tmax,x .1 In YbRh2Ga, Tmax,x values are also
comparable toTmax,rm, and so we suggest that the transp
anomaly should be accounted for by the spin-scatte
mechanism, rather than the CEF splitting or Kondo scat
ing mechanism.

FIG. 3. Temperature dependence of electrical resistivity
YbRh2Ga with the current parallel or perpendicular toc axis be-
tween 1.6 K and room temperature. Upper inset: The electrica
sistivity vs quadratic temperature in low temperature region. T
solid line shows theT2 dependence. Lower inset: Magnetic cont
bution to the resistivity of YbRh2Ga as a function of temperatur
obtained by subtracting the resistivity of YRh2Ga.
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Figure 4 plots the specific heat divided by temperat
C/T vs T between 1.2 and 40 K measured in zero field and
8 T. The absence of an anomaly inC(T) for YbRh2Ga con-
firms that this compound does not exhibit any magnetic
der, at least down to 1.2 K. The upper inset shows the p
of C/T vs T2 in zero field. A linear dependence ofC/T on
T2 was observed up to 8 K. Fitting the data to the expr
sion C/T5g1bT2 gives g536.6 mJ/molK2, b
50.306 mJ/molK4, and Debye temperatureuD5294 K. The
g value is nine times larger than that of YRh2Ga ~3.9
mJ/molK2, not shown here! with no 4f electron and small
larger than that of isostructural compound YbIr2Ga.3 The
enhanced value for YbRh2Ga is comparable to those o
known intermediate compounds:g545 mJ/molK2 for
YbAl3 ,13 g5135 mJ/molK2 for YbCu2Si2 ,14 and g
5260 mJ/molK2 for YbCuAl.15 The enhancement of th
electronic specific heat in YbRh2Ga indicates that the elec
tronic state of the Yb ions is likely in valence fluctuatin
state rather than in a tri-valent state. In heavy-fermion s
tems, magnetic fields are expected to cause impor
changes, especially for the low-temperature specific heat.
example, in YbAgCu4 ,16 g increases strongly with field~by
10% at 10 T! and shows a quadratic field dependence up
10 T. However, in our case, no distinct difference was o
served between the specific heat measured in zero field
in 8 T as shown in the Fig. 4. A very small enhancement~0.1
mJ/molK2! is consistent with the not enough large value ofg.
The magnetic contributionCm(T) to specific heat for
YbRh2Ga was deduced by subtractingC(T) of YRh2Ga, as
plotted in the lower inset of Fig. 4. No anomaly was o
served at low temperatures. Note that a maximum or incre
of Cm /T at the lowest temperatures was frequently obser
in some mixed-valent compounds where a second ene

f

e-
e

FIG. 4. Specific heat divided by temperatureC/T vs tempera-
ture T for YbRh2Ga between 1.2 and 40 K in applied magne
fields H of 0 and 8 T (Hic). Upper inset: Specific heat divided b
temperatureC/T vs T2 at H50. The solid line is a fit ofC/T5g
1bT2 with the parameters given in the text. Lower inset: Magne
contribution to the specific heat in YbRh2Ga.
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G. F. CHENet al. PHYSICAL REVIEW B 69, 054435 ~2004!
scale was developed, like YbAl3
10 and CeNiSi2 .17 The

estimated magnetic entropySm is close toR ln 2 per Yb ion
at 40 K.

For comparison with other heavy-fermion and mixe
valent compounds, we estimated the Kadowaki–Wo
ration18 A/g2 for YbRh2Ga, whereA is the coefficient of
theT2-term of the electrical resistivity andg is the electronic
contribution to the specific heat. The values ofA/g2

are 0.331025 mVcm/(molK/mJ)2 for Jic or 0.24
31025 mVcm/(molK/mJ)2 for J'c, respectively. These
values are the same order as the common value o
31025 mVcm/(molK/mJ)2 for other mixed-valent com-
pounds, like YbAl3 ,19 which is estimated to be 0.4
31025 mVcm/(molK/mJ)2. This result confirmed tha
YbRh2Ga is a typical mixed-valent compound.

Figure 5 shows the Hall coefficientRH vs temperatureT
for YbRh2Ga between 2 and 300 K measured withJic and
H'c (H51.3 T). RH is positive over the measured temper
ture range. With decreasing temperature,RH increases and
exhibits a maximum around 65 K and followed by ste
decrease toward lower temperatures. In the impurity Kon
system, the Hall coefficient can be described by
expression20–22

RH5R01g* rmx̃, ~4!

where R0 is the ordinary Hall constant,x̃ is the reduced
susceptibility,x̃5x/C ~where C is the Curie constant!, g* is
a constant andrm is magnetic resistivity. The second term
the anomalous Hall coefficient, arises from skew scatter

*Author to whom correspondence should be addressed. De
ment of Electrical & Computer Engineering, Graduate Schoo
Engineering, Nagoya Institute of Technology, Nagoya 466-85
Japan. Email address: r04elc07@edsys.center.nitech.ac.jp

1J. M. Lawrence, P. S. Riseborough, and R. D. Parks, Rep. P

FIG. 5. Temperature dependence of Hall coefficientRH for
YbRh2Ga with current alongc axis and magnetic field applied pe
pendicular toc axis. Inset: Hall coefficientRH plotted asrmx̃. The
solid line shows the linear dependence.
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of conduction electrons by Yb ions. We have tried to fit t
data by using the Eq.~4!. We plotted theRH vs rmx̃ in
the inset of Fig. 5 in the temperature range 140–300 K. T
linear dependence, shown by the solid line, givesR053.86
10210 m3/C and g* 50.046 K/T. Theg* value is compa-
rable to those of heavy-fermion or mixed-vale
compounds.20

The temperature dependence of thermoelectric poweS
for YbRh2Ga with thermal gradient parallel toc axis is
shown in Fig. 6. In contrast toRH , S is negative at all tem-
peratures. The prominent feature in the thermoelectric po
is the large absolute value~;229 mV/K at room tempera-
ture! which exceeds those of simple metals by one or t
orders magnitude, and exhibits a broad minimum atTmin,S
'120 K, where S'236mV/K. We found that Tmin,S is
close toTmax,x where the magnetic susceptibility shows
broad maximum. Note that the broad negative anom
agrees with those observed in most of Yb-based mix
valent compounds.23 It is opposite in sign to the Ce com
pounds due to the electron-hole symmetry of Ce31 4f 1 com-
pared with Yb31 4f 13.

In summary, our results indicate that YbRh2Ga is a typical
mixed-valent system with a magnetically nonordered grou
state. This compound offers an interesting example of mi
valence in noncubic systems. The anisotropy observed
YbRh2Ga could be attributed to the anisotropicc- f mixing
alonga andc axis of the hexagonal Na3As-type structure. To
understand better the anisotropic anomaly in YbRh2Ga, it is
necessary to obtain detailed information6 on the electronic
structure near the Fermi surface.
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