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Non-Fermi-liquid behavior in an undoped single crystal of CeRh2Ga
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The measurements of specific heatC, electrical resistivityr, magnetic susceptibilityx, magnetizationM ,
Hall coefficientRH , and thermoelectric powerS were performed on a ternary compound of CeRh2Ga which
crystallizes in the triple-hexagonal Na3As-type structure with the space groupP63cm. CeRh2Ga remains in a
paramagnetic state down to 1.2 K and exhibits a non-Fermi-liquid behavior. The specific heat divided by
temperatureC/T shows aT211l power-law temperature dependence withl50.15 ~from 7 K to the lowest
measured temperature 1.2 K!. x' (H'c) exhibits the same power-law behavior up to 50 K withl50.21,
while x i (Hic) shows the power-law behavior in the restricted temperature range up to 20 K withl50.52. At
T51.8 K andH,1 T, M varies linearly withH; above 1 T,M could be described byM5const1Hl with
l50.59 and 0.20 forHic andH'c, respectively. The power-law dependence behavior is consistent with the
Griffiths phase scenarios.r increases linearly with decreasing temperature below 4 K, also signaling non-
Fermi-liquid behavior.RH shows a 1/T dependence below 20 K.S shows a lnT dependence between 4 and 20
K, followed by a negative minimum at;3 K. The low-temperature unconventional behaviors inRH andS for
CeRh2Ga may be related to the non-Fermi-liquid anomalies observed in the specific heat and magnetic sus-
ceptibility.
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I. INTRODUCTION

The low-temperature anomalies for U0.2Y0.8Pd3 with
C/T} ln T, r}r01aT1.1 andx}A-BT1/2 were first reported
by Seamanet al. in 1991.1 These behaviors deviate obv
ously from Landau-Fermi-liquid model, which predicts th
C/T and x are constant andr follows r01AT2 at low
temperatures.2 Recently, a number of 4f and 5f electron
systems have been reported to show such non-Fermi-li
~NFL! behavior~see Ref. 3, and the references therein! and
several theoretical models were proposed to explain the
gin of NFL behavior. For example, in Y12xUxPd3,1 the NFL
behavior was suggested to arise from the two-channel Ko
effect due to the presence of the electrical quadrupolar in
action. In CeIn3 ,4 the NFL behavior occurs due to the co
pling of conduction electrons to critical spin fluctuation
the proximity the quantum critical point~QCP!.5 A recent
developed Griffiths phase model proposed the existence
Griffiths phase~magnetic cluster! in the vicinity of a QCP.6

This model predicts that the specific heat divided tempe
ture and magnetic susceptibility in the paramagnetic ph
follow a power-law temperature dependenceC/T}x
}T211l(l,1).

Doping, pressure, and magnetic field usually induce
NFL behavior inf -electron systems. However, there are on
several undoped NFL systems in which NFL behavior occ
under normal conditions, such as CeNi2Ge2 ,7 YbRh2Si2 ,8

and the recently discovered heavy-fermion superconduc
CeTIn5 (T5Co, Rh, and Ir!,9 etc. In this paper, we report th
preliminary measurement results on the flux-grown sin
crystals of CeRh2Ga. Our results indicate that CeRh2Ga
crystallizes in the hexagonal Na3As-type structure,10,11 and
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exhibits the NFL behavior at low temperatures, which cou
be well explained by Griffiths phase model.6 Compared to
CeRh2Ga, the isostructural compound CeIr2Ga ~Ref. 12! be-
haves as a mixed-valent system with an electronic spe
heat coefficientg577 mJ/mol K2.

II. EXPERIMENTAL

Single crystals of CeRh2Ga were grown from a Ga flux.11

The resulting crystals have a hexagonal morphology wit
length of ;5 mm and a diameter of;2 mm. The crystals
were characterized by a powder x-ray diffraction method
ing Cu-Ka radiation at room temperature. The dc electric
resistivity and Hall coefficient measurements were p
formed by standard four- and five-probe methods, resp
tively. The specific heat was measured by the relaxat
method. The magnetic susceptibility and magnetization m
surements were performed using a quantum design super
ducting quantum interference device~SQUID! magnetome-
ter. The thermoelectric power~TEP! was measured using
four-wire dynamic method. All measurements were p
formed on the well-polished samples except the pow
x-ray diffraction.

III. RESULTS AND DISCUSSION

The powder x-ray diffraction pattern of as-grown sing
crystals could be completely indexed on the basis of
triple-hexagonal Na3As-type structure ~the space group
P63cm) in agreement with the presence of CeIr2Ga.11,12We
have not observed any additional lines arising from impur
phases. The lattice parameters of CeRh2Ga area57.687
©2004 The American Physical Society20-1
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60.002 Å, c59.54860.003 Å, respectively, obtained by
least-squares fit to the experimental data. The crystal
structure can be described as a layered quasi-2D structu11

in which Ce-Ga layers~with hexagonal symmetry! are sepa-
rated by Rh layers stacked along thec axis. This compound
offers an interesting example to study NFL phenomenon
systems having lower than cubic symmetry.

Figure 1 shows the specific heatC of single crystalline
CeRh2Ga measured in zero field and in 8 T plotted as ln(C/T)
vs lnT. In zero applied magnetic field,C/T shows a mini-
mum at around 10 K and reaches to 612 mJ/mol K2 at the
lowest measured temperatureT51.2 K. Below 7 K, C/T
obeys well-defined power-law behaviorC/T}T211l, with
l50.15. The small value ofl indicates that the strong en
hancement of specific heat with decreasing temperature
subtracting the specific heat of nonmagnetic YRh2Ga from
that of CeRh2Ga, we obtained the magnetic part of the sp
cific heatCmag as plotted in the upper inset of Fig. 1. W
found that the zero field data does not change the power
behavior at low temperatures. Such power-law dependen
a typical characteristic of NFL systems. We have tried
logarithmic temperature dependence fit toC/T. However,
the logarithmic dependence behavior is restricted in a nar
temperature range. It is well known that an external magn
field will affects the specific heat significantly at low tem
peratures for NFL systems. We measured the specific he
an applied magnetic fieldH58 T (Hic) and plotted also in
Fig. 1. Compared to the zero field data,C/T shows a ten-
dency to saturate at lower temperatures. This behavior i
cates that the NFL state is suppressed by an applied mag
field.

The temperature dependence of inverse magnetic sus
tibility of CeRh2Ga between 1.8 and 300 K is shown in Fi
2 measured with a magnetic fieldH50.1 T applied parallel
(x i) or perpendicular (x') to its c axis. The magnetic sus

FIG. 1. Specific heat divided by temperatureC/T vs tempera-
ture T plotted on log-log scales for single crystalline CeRh2Ga be-
tween 1.2 and 40 K in zero field and in 8 T (Hic). The solid line
indicates the power-law dependence ofC/T for CeRh2Ga at low
temperatures. Inset: Magnetic contribution to the specific hea
CeRh2Ga.
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ceptibility shows a large anisotropy at low temperatur
Above 50 K, the susceptibility follows the Curie-Weiss la
x(T)5Nmeff

2 /3kB(T2Q), and yields Weiss temperatureQ
5250 K (212 K) and effective momentmeff51.81mB
(1.87mB) for Hic (H'c), respectively. The values ofmeff
are reduced from expected 2.54mB for the free Ce31 ion.
These values are close to those of CeIr2Ga, however, which
is considered as a weakly mixed-valent compound.12

The magnetic susceptibility between 1.8 and 50 K
shown in Fig. 3~a! as log-log plots ofx vs T. These low
temperature data show a power-law dependencex}T211l.
x' could be described asx5107.0T20.79 up to 50 K; for
Hic, this power-law behavior occurs only below 20 K wit
x523.8T20.48. Fits of x to a lnT behavior are unsuccessfu
In addition, we found the data also follows a modified Cur
Weiss law 1/x51/x01ATa, with a50.38 ~0.75! for Hic
(H'c) in the temperature range 1.8–50 K for both dire
tions, as shown in Fig. 3~b!. Such a dependence behavi
suggests a local deviation from Fermi-liquid behavior
well.3

The power-law temperature dependence ofC/T and mag-
netic susceptibilityx is a characteristic of NFL systems ex
pected on Griffiths phase model.6 De Andradeet al.13 found
power-law fits for the specific heat and magnetic suscepti
ity of Th12xUxPd2Al3 , Y12xUxPd3, and UCu52xMx (M
5Pd, Pt! to be successful. However, for CeRh2Ga, the val-
ues of l obtained from magnetic susceptibility are mu
larger than the one obtained from specific heat. A furth
prediction of Griffiths phase model14 gives that magnetiza
tion M behaves a linear field dependenceM}H for H
,H* (H* , a crossover field! and a power-law dependenc
M}Hl for H.H* , where l should have the same valu
obtained from magnetic susceptibility. To test this predictio
we plotted the magnetization of CeRh2Ga measured at 1.8 K
in applied magnetic field up to 5 T in Fig. 4. ForH,1 T, M
shows a linear field dependence for both directions. Abov
T, a variationM is well described byHl. The best fitting

in

FIG. 2. Temperature dependence of inverse magnetic susc
bility for CeRh2Ga with magnetic field (H50.1 T) applied parallel
or perpendicular to thec axis. The solid lines are the fits ofx21 to
the Curie-Weiss law with the parameters given in the text.
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gives l50.59 for Hic or l50.20 for H'c, respectively.
The values ofl are comparable to those obtained from ma
netic susceptibility data.

The electrical resistivityr measured with the current pa
allel to thec axis (Jic) is illustrated in Fig. 5. The resistivity
increases with decreasing temperature, similarly to the
haviors observed in UCu4Pd and U0.2Y0.8Pd3 .1,15 The upper
inset of Fig. 5 shows the low-temperature data. The lin
dependence ofr ic can be described asr5r02AT with r0
5375mV cm andA58.5mV cm/K, which are comparable
to those of UCu4Pd.15 We also plotted thermag1r0 vs lnT
for CeRh2Ga in the lower inset of Fig. 5. Herermag1r0 is
taken to be the total resistivity minus that of YRh2Ga. With
decreasing temperature, thermag1r0 shows a2 ln T depen-
dence down to 40 K, indicative of the single-impurity Kond
scattering. Theab-plane resistivityr'c exhibits a similar

FIG. 3. ~a! Log-log plots of magnetic susceptibilityx vs tem-
peratureT for CeRh2Ga with magnetic field applied parallel o
perpendicular to thec axis between 1.8–50 K. The solid lines a
the best fits of power lawx5aT211l. ~b! Inverse magnetic sus
ceptibility 1/x vs temperatureT for CeRh2Ga, showing that 1/x can
be fit to 1/x01ATa, in the temperature range 1.8–50 K for bo
directions.
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temperature dependence behavior as that ofr ic , but the ab-
solute values ofr'c(T) could not be determined accurate
owing to the small size in the present work.

Figure 6 shows the Hall coefficientRH vs T for CeRh2Ga
between 3 and 300 K measured withJic and H'c (H
51.3 T). RH is positive over the measured temperatu
range. Above 100 K, it is nearly independent on temperatu
With decreasing temperature,RH decreases and exhibits
minimum at around 30 K and followed by a steep increa
toward lower temperatures. In the impurity Kondo system
the Hall coefficient can be divided into two terms: the no
mal Hall coefficientR0 and the anomalous Hall coefficien
Ra arising from skew scattering of conduction electrons16

FIG. 4. The field dependence of magnetization of CeRh2Ga with
magnetic field applied parallel or perpendicular to thec axis at 1.8
K. The dashed lines indicate the linear dependence for low fi
The solid curves are the fits using the expressionM5const1Hl.

FIG. 5. Temperature dependence of electrical resistivity
CeRh2Ga with the current along thec axis between 1.6–300 K
Upper inset: The electrical resistivity on an expanded scale for
lowest temperatures. The solid line is a fit ofr5r02AT with the
parameters given in the text. Lower inset: Magnetic resistivity o
semilog plot. The dashed line is a guide for the eye.
0-3
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However, for CeRh2Ga, the temperature-independent beh
ior of RH (T.100 K) indicates the skew scattering could
neglected. For low temperatures, we plotted theRH vs 1/T
and found a well 1/T dependence between 3~the lowest mea-
sured temperature! and 20 K, as shown in the inset of Fig.
Note that the 1/T dependence ofRH was also observed in th
NFL systems of heavy-fermion superconductor CeCo5
~Ref. 17! and was attributed to the presence of antiferrom
netic spin fluctuations near the QCP in 2D systems. T
Curie-Weiss-like behavior ofRH bears striking resemblanc
to the high-Tc cuprates in the normal state.18

The temperature dependence of thermoelectric poweS
~with the thermal gradient parallel toc axis! on semilog plots
between 2 and 300 K is presented in Fig. 7.S increases with
decreasing temperature and exhibits a broad positive m
mum Smax (;26mV/K) roughly at 60 K, which may be
ascribed to the effect of the crystalline electric field~CEF!
splitting.19 At 4 K, S changes sign and then shows a negat
minimumSmin (;23 mV/K) at about 3 K. This minimum is
similar to those observed in many heavy fermi
systems,20,21 which were predicted theoretically by Fischer22

and Kim et al.23 Note that another prominent feature in th
thermoelectric power of CeRh2Ga is the logarithmic tem-
perature dependence between 4 and 20 K, as shown in F
by the solid line. We suggested that the lnT dependence is

*Electronic address: r04elc07@edsys.center.nitech.ac.jp
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associated with the unconventional behaviors observed ix,
C/T andRH in the same temperature region. However, th
are few available data to be compared on thermoelec
power in the typical NFL systems till now. Fo
U0.2Y0.8Pd3 ,24 it also shows a broad maximum inS at high
temperatures but no anomaly was observed at lower temp
tures. Satoet al.25 have observed a sharp minimum inSnear
8 K for Y12xUxRu2Si2 . Thus, more experimental results o
TEP of NFL systems are required to identify the open qu
tion about the behavior of TEP of NFL system.

In summary, we have grown a ternary compound
CeRh2Ga and measured the physical properties. CeRh2Ga
exhibits NFL behavior at low temperatures. From the pow
law dependence ofC/T}x}T211l and M}Hl, we specu-
lated that the NFL behavior observed in CeRh2Ga may be
attributed to the existence of a Griffiths phase in the vicin
of a QCP, although the values ofl obtained from magnetic
susceptibility are not consistent with the one obtained fr
specific heat. The observed low-temperature unconventio
behaviors in thermoelectric power and Hall coefficient m
be related to NFL anomalies. To further clarify the origin
the NFL behaviors, more detailed studies of specific he
magnetic susceptibility, and electrical resistivity at low
temperatures are currently in progress.
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