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Non-Fermi-liquid behavior in an undoped single crystal of CeRBGa
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The measurements of specific h&jt electrical resistivityp, magnetic susceptibility, magnetizatiorM,
Hall coefficientR, , and thermoelectric powes were performed on a ternary compound of CeBa which
crystallizes in the triple-hexagonal Bs-type structure with the space groBg;cm. CeRhGa 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 aT 1" power-law temperature dependence witk 0.15 (from 7 K to the lowest
measured temperature 1.2.Ky, (HLc) exhibits the same power-law behavior up to 50 K witk 0.21,
while x, (Hlic) shows the power-law behavior in the restricted temperature range up to 20 K wiltb2. At
T=1.8K andH<1T, M varies linearly withH; above 1 T,M could be described bl =const-H* with
A=0.59 and 0.20 foHllc andH_L c, respectively. The power-law dependence behavior is consistent with the
Griffiths phase scenariog. increases linearly with decreasing temperature below 4 K, also signaling non-
Fermi-liquid behaviorR, shows a IT dependence below 20 IS shows a INT dependence between 4 and 20
K, followed by a negative minimum at 3 K. The low-temperature unconventional behaviorRipnands for
CeRhGa may be related to the non-Fermi-liquid anomalies observed in the specific heat and magnetic sus-
ceptibility.
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[. INTRODUCTION exhibits the NFL behavior at low temperatures, which could
be well explained by Griffiths phase modeCompared to

The low-temperature anomalies forybY,sPd; with  CeRhGa, the isostructural compound Cgha (Ref. 12 be-
C/T=InT, pxpy+aTttand y<A-BTY2 were first reported haves as a mixed-valent system with an electronic specific
by Seamaret al. in 1991 These behaviors deviate obvi- heat coefficienty=77 mJ/mol K.
ously from Landau-Fermi-liquid model, which predicts that
C/T and y are constant ang follows py+AT? at low Il EXPERIMENTAL
temperature$. Recently, a number of 4and 5 electron
systems have been reported to show such non-Fermi-liquid Single crystals of CeRiGa were grown from a Ga flu¥.
(NFL) behavior(see Ref. 3, and the references thereind  The resulting crystals have a hexagonal morphology with a
several theoretical models were proposed to explain the orlength of ~5 mm and a diameter of-2 mm. The crystals
gin of NFL behavior. For example, in,Y ,U,Pd;,! the NFL  were characterized by a powder x-ray diffraction method us-
behavior was suggested to arise from the two-channel Kondimg Cu-K « radiation at room temperature. The dc electrical
effect due to the presence of the electrical quadrupolar interesistivity and Hall coefficient measurements were per-
action. In Celg,* the NFL behavior occurs due to the cou- formed by standard four- and five-probe methods, respec-
pling of conduction electrons to critical spin fluctuation in tively. The specific heat was measured by the relaxation
the proximity the quantum critical poif@QCP.> A recent method. The magnetic susceptibility and magnetization mea-
developed Griffiths phase model proposed the existence of surements were performed using a quantum design supercon-
Griffiths phase(magnetic clustérin the vicinity of a QCF.  ducting quantum interference devi¢8QUID) magnetome-
This model predicts that the specific heat divided temperater. The thermoelectric powdTEP) was measured using a
ture and magnetic susceptibility in the paramagnetic phastur-wire dynamic method. All measurements were per-
follow a power-law temperature dependendg/Txy  formed on the well-polished samples except the powder
«T- 1A\ <1). x-ray diffraction.

Doping, pressure, and magnetic field usually induce the
NFL behavior inf-electron systems. However, there are only
several undoped NFL systems in which NFL behavior occurs Il RESULTS AND DISCUSSION
under normal conditions, such as Ce®é,,” YbRh,Si,,® The powder x-ray diffraction pattern of as-grown single
and the recently discovered heavy-fermion superconductomsrystals could be completely indexed on the basis of the
CeTIns (T=Co, Rh, and Ir,° etc. In this paper, we report the triple-hexagonal NgAs-type structure(the space group
preliminary measurement results on the flux-grown single®6;cm) in agreement with the presence of G&8a!*'?We
crystals of CeRjGa. Our results indicate that Cef@a  have not observed any additional lines arising from impurity
crystallizes in the hexagonal Mas-type structuré®*and  phases. The lattice parameters of CgBh area=7.687

0163-1829/2004/69)/0144205)/$22.50 69 014420-1 ©2004 The American Physical Society



G. F. CHENet al. PHYSICAL REVIEW B 69, 014420 (2004

0.8 " 1000 T T T T

| CeRh,Ga (% [y
E Y CeRh,Ga
= °H/lc
—~ 047 £ oHlc
o °
= 5]
£ Q 500 1
= [e]
3 E
S R
0 n 1 1 n
0.1 N N 0 100 200 300
1 10 40 T (K)
T(K)

FIG. 2. Temperature dependence of inverse magnetic suscepti-
FIG. 1. Specific heat divided by temperatu@éT vs tempera-  bility for CeRh,Ga with magnetic field =0.1 T) applied parallel
ture T plotted on log-log scales for single crystalline CgRha be-  or perpendicular to the axis. The solid lines are the fits gf * to
tween 1.2 and 40 K in zero field and in 8 Hi(c). The solid line  the Curie-Weiss law with the parameters given in the text.
indicates the power-law dependence@fT for CeRhGa at low

temperatures. Inset: Magnetic contribution to the specific heat in,__.., .. .
CeRhGa ceptibility shows a large anisotropy at low temperatures.

Above 50 K, the susceptibility follows the Curie-Weiss law

+0.002 A, c=9.548+0.003 A, respectively, obtained by a x(T)=Nu3/3xs(T—0), and yields Weiss temperatuf
least-squares fit to the experimental data. The crystallinee —50 K (—12K) and effective momentuey=1.81ug
structure can be described as a layered quasi-2D strudture(1.87ug) for Hiic (H.Lc), respectively. The values Qi
in which Ce-Ga layer$with hexagonal symmetiyare sepa- are reduced from expected 2/54 for the free Cé" ion.
rated by Rh layers stacked along thexis. This compound These values are close to those of @8, however, which
offers an interesting example to study NFL phenomenon iris considered as a weakly mixed-valent compotfd.
systems having lower than cubic symmetry. The magnetic susceptibility between 1.8 and 50 K is
Figure 1 shows the specific he@tof single crystalline shown in Fig. 3a) as log-log plots ofy vs T. These low
CeRhGa measured in zero field and in 8 T plotted a€litj  temperature data show a power-law dependepe® 17,
vs InT. In zero applied magnetic field;/T shows a mini- x, could be described ag=107.0r %" up to 50 K; for
mum at around 10 K and reaches to 612 mJ/nfol the  Hlic, this power-law behavior occurs only below 20 K with
lowest measured temperatufe=1.2 K. Below 7 K,C/T  x=23.8T %% Fits of y to a InT behavior are unsuccessful.
obeys well-defined power-law behavi@/To«T~1** with  In addition, we found the data also follows a modified Curie-
A=0.15. The small value of indicates that the strong en- Weiss law 1= 1/x,+AT*, with «=0.38 (0.75 for Hllc
hancement of specific heat with decreasing temperature. B§H_Lc) in the temperature range 1.8—-50 K for both direc-
subtracting the specific heat of nonmagnetic ¥Y&a from  tions, as shown in Fig. (B). Such a dependence behavior
that of CeRhGa, we obtained the magnetic part of the spe-suggests a local deviation from Fermi-liquid behavior as
cific heatCyn,4 as plotted in the upper inset of Fig. 1. We well.?
found that the zero field data does not change the power-law The power-law temperature dependenc€6T and mag-
behavior at low temperatures. Such power-law dependence ietic susceptibilityy is a characteristic of NFL systems ex-
a typical characteristic of NFL systems. We have tried apected on Griffiths phase modeDe Andradeet al.*® found
logarithmic temperature dependence fit@T. However, power-law fits for the specific heat and magnetic susceptibil-
the logarithmic dependence behavior is restricted in a narrovty of Th,_,U,PdAl;, Y;_,UPd;, and UCy_.M, (M
temperature range. It is well known that an external magnetiec= Pd, P} to be successful. However, for Cef&n, the val-
field will affects the specific heat significantly at low tem- ues of A obtained from magnetic susceptibility are much
peratures for NFL systems. We measured the specific heat larger than the one obtained from specific heat. A further
an applied magnetic fielsi=8 T (Hlic) and plotted also in  prediction of Griffiths phase modélgives that magnetiza-
Fig. 1. Compared to the zero field da@/T shows a ten- tion M behaves a linear field dependenbexH for H
dency to saturate at lower temperatures. This behavior indixH* (H*, a crossover fieldand a power-law dependence
cates that the NFL state is suppressed by an applied magnetit<H" for H>H*, where\ should have the same value
field. obtained from magnetic susceptibility. To test this prediction,
The temperature dependence of inverse magnetic suscepe plotted the magnetization of Cefa measured at 1.8 K
tibility of CeRh,Ga between 1.8 and 300 K is shown in Fig. in applied magnetic field up to 5 T in Fig. 4. FBr<1 T, M
2 measured with a magnetic field)=0.1 T applied parallel shows a linear field dependence for both directions. Above 1
(x;) or perpendicular ¥,) to its ¢ axis. The magnetic sus- T, a variationM is well described byH*. The best fitting
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FIG. 4. The field dependence of magnetization of C&Rhwith
magnetic field applied parallel or perpendicular to thaxis at 1.8
K. The dashed lines indicate the linear dependence for low field.
The solid curves are the fits using the expresdibs const+H.
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CeRh,Ga

°H//c
°H ¢ temperature dependence behavior as thafof but the ab-
solute values op, (T) could not be determined accurately
owing to the small size in the present work.

Figure 6 shows the Hall coefficieRy vs T for CeRhGa
between 3 and 300 K measured wiftic and H.Lc (H
=1.3T). Ry is positive over the measured temperature
range. Above 100 K, it is nearly independent on temperature.
With decreasing temperatur®, decreases and exhibits a
minimum at around 30 K and followed by a steep increase
toward lower temperatures. In the impurity Kondo systems,
the Hall coefficient can be divided into two terms: the nor-
mal Hall coefficientR, and the anomalous Hall coefficient
R, arising from skew scattering of conduction electréhs.
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FIG. 3. (a) Log-log plots of magnetic susceptibility vs tem-
peratureT for CeRhGa with magnetic field applied parallel or
perpendicular to the axis between 1.8—-50 K. The solid lines are
the best fits of power lawy=aT ***. (b) Inverse magnetic sus-
ceptibility 1/y vs temperatur@ for CeRhGa, showing that }/can

be fit to 1o+ AT?, in the temperature range 1.8—-50 K for both
directions.
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gives A=0.59 for Hllc or A=0.20 for HLc, respectively.
The values ol are comparable to those obtained from mag-
netic susceptibility data.

The electrical resistivity measured with the current par-
allel to thec axis (Jlic) is illustrated in Fig. 5. The resistivity
increases with decreasing temperature, similarly to the be-
haviors observed in UG®d and | Y, gPds.2*® The upper
inset of Fig. 5 shows the low-temperature data. The linear
dependence of. can be described gs=py— AT with pg
=375, cm andA=8.5 ) cm/K, which are comparable
to those of UCPd." We also plotted themagtpo vs INT
for CeRhGa in the lower inset of Fig. 5. Het@nagt po is

p (u€cm)

300

FIG. 5. Temperature dependence of electrical resistivity of
TS ! ] CeRhGa with the current along the axis between 1.6—300 K.
taken to be the total resistivity minus that of Yf&®a. With  ypper inset: The electrical resistivity on an expanded scale for the
decreasing temperature, thgagt po Shows a—InT depen-  |owest temperatures. The solid line is a fit@f po— AT with the
dence down to 40 K, indicative of the single-impurity Kondo parameters given in the text. Lower inset: Magnetic resistivity on a
scattering. Theab-plane resistivityp, . exhibits a similar  semilog plot. The dashed line is a guide for the eye.
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FIG. 6. Temperature dependence of Hall coeffici®t for solid line is a guide for the eye.

CeRhGa with current along the axis and magnetic field applied
perpendicular to the axis. InsetRy, plotted vs 1T. The solid line  associated with the unconventional behaviors observed in
is a guide for the eye. C/T andRy; in the same temperature region. However, there
are few available data to be compared on thermoelectric
However, for CeRkGa, the temperature-independent behayPoOwWer in Zzh_e typical NFL systems fill now. For
ior of Ry (T>100 K) indicates the skew scattering could be Yo.2Y0sPd,”" it also shows a broad maximum ®at high
neglected. For low temperatures, we plotted Ryevs 1T temperatures b2ut no anomaly was observed at lower tempera-
and found a well IF dependence betweer(the lowest mea- tures. Satet al: > have observed a sharp minimumSmear
sured temperatufand 20 K, as shown in the inset of Fig. 6. 8 K for Y1 ,U,R4,Si;. Thus, more experimental results on
Note that the I dependence dR, was also observed in the TEP of NFL systems are required to identify the open ques-
NFL systems of heavy-fermion superconductor CeGoln tion about the behavior of TEP of NFL system.
(Ref. 17 and was attributed to the presence of antiferromag- N summary, we have grown a ternary compound of
netic spin fluctuations near the QCP in 2D systems. Thi$€RRGa and measured the physical properties. GeRh
Curie-Weiss-like behavior oR,; bears striking resemblance €xhibits NFL behavior at low t?m}\peratures. I;rom the power-
to the highT, cuprates in the normal stat@. law dependence of/Te =T *"* andMeH", we specu-
The temperature dependence of thermoelectric paver 1ated that the NFL behavior observed in CgRha may be
(with the thermal gradient parallel toaxis) on semilog plots attributed to the existence of a Gr|ff|th_s phase in the vicinity
between 2 and 300 K is presented in FigSancreases with  ©f & QCP, although the values afobtained from magnetic
decreasing temperature and exhibits a broad positive maxg_uscv_apublllty are not consistent with the one obtained f_rom
mum S,y (~26 wV/K) roughly at 60 K, which may be speC|f|_c he_at. The observ_ed low-temperature unc_onventlonal
ascribed to the effect of the crystalline electric fi¢@ERP behaviors in thermoelectric power and Hall coefficient may

splitting 1 At 4 K, S changes sign and then shows a negativé)e related to NFL anomalies. To further clarify the origin of
minimum Sy, (~’—3,uV/K) at about 3 K. This minimum is the NFL behaviors, more detailed studies of specific heat,

similar to those observed in many heavy fermion magnetic susceptibility, an_d electrical resistivity at lower
system€®2Lwhich were predicted theoretically by Fiscier (€mperatures are currently in progress.

and Kim et al?® Note that another prominent feature in the
thermoelectric power of CeR&a is the logarithmic tem-
perature dependence between 4 and 20 K, as shown in Fig. 7 The authors would like to thank Dr. Biwa and Mr. Kama-
by the solid line. We suggested that theTldependence is tani for their assistance in the specific heat measurements.
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