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Magnetic and transport properties of the mixed-valent compound YbRRBGa
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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 YfiR)y which crystallizes in the triple-hexagonal
NagAs-type structure with the space groBp; cm. YbRhGa remains in a paramagnetic state down to 1.2 K.
The magnetic susceptibility exhibits a broad maximum around 90 Kdfiar or 170 K forH_L c, respectively.

Such maximum is a characteristic of the Ce- and Yb-based mixed-valent compounds. The temperature depen-
dence of electrical resistivity shows dhtype behavior. The electronic specific heat coefficient is 36.6
mJ/molk?, which is nine times larger than that of YR®a (3.9 mJ/mol) with no 4f electron. The thermo-

electric power ATIic) shows a broad minimum at about 120 K with a relatively large negative valte36

nVIK, which is typical for Yb-based spin-fluctuation systems. The Hall coefficidiit,H.Lc) 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 Yk&his a typical mixed-valent system. The anisot-

ropy observed in YbRiGa indicates anisotropic hybridization between localizéeekectron and conduction
elections.
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I. INTRODUCTION probe methods, respectively, between 1.5 K and room tem-
perature. The specific heat was measured by the relaxation
It is well known that some Ce-, Sm-, Eu-, and Yb-basedmethod in zero field and in 8 T in the temperature range from

intermetallic compounds exhibit mixed-valent or valence-1.2 to 40 K. The magnetic susceptibility measurements were
fluctuating behavior$? The unconventional behaviors are carried out in a magnetic field of 0.5 T between 1.8 and 390
reflected in unit-cell volume, static dc susceptibility, electri- K using the quantum desig(BQUID) magnetometer. The
cal resistivity, etc., and are thought to result from the prox-thermoelectric power was measured betw@eK and room
imity between the energy level of thef Zlectrons to the temperature using a four-wire dynamic method. All measure-
Fermi level and the resulting hybridization between thesements were performed on the well-polished samples.
electrons. Recently, the new ternary compound of YB#&

yvith a quas_i-two-dimensionf{IZD) structure Was_charac_tgr- Ill. RESULTS AND DISCUSSION
ized to be in a mixed-valent statéThe electronic specific
heat is as large 21.7 mJ/mdilénd the magnetic susceptibil- ~ The power x-ray diffraction pattern of YbRBa single

ity shows a broad maximum near 180 Kl|(c) or 250 K  crystals shows that the sample crystallizes in the triple-
(HLc), respectively. However, the electrical resistivity was hexagonal NgAs-type structure with the space group
found to be featureless. In order to further understand th®6; cm.>* No traces of secondary phases were observed.
formation of the mixed-valent behavior with nonmagnetic The crystal structure can be described as a layered quasi-2D
ground state in this quasi-2D system, we try to grow thestructure? in which Yb—Ga layers are separated by Rh layers
single crystal of YbRpGa and measure the physical proper-stacked along thec axis. This structure indicates that
ties. Here we report our preliminary results of magnetic susYbRh,Ga should have a large anisotropy in physical proper-
ceptibility, specific heat, electrical resistivity, Hall coefficient ties. The lattice parameters for YbRba are a=7.483
and thermoelectric power in YbRGa. We found that +0.002A andc=9.461+0.003 A, obtained by a least-
YbRh,Ga shows a pronounced mixed-valent or valencesquares fit to the experimental data. Figure 1 shows a plot of
fluctuating behavior. It is rather uncommon to find mixed- the unit-cell volume vs rare-earth eleme(®d—Lu).> A vol-
valent behavior in noncubic systems. ume anomaly appears for YbRBa, which suggests the di-
valent or intermediate state of the Yb ions.

Figure 2 shows the temperature dependence of magnetic
susceptibility with magnetic fielth (=0.5 T) applied parallel

The single crystals of YbRItGa were grown from a or perpendicular t@ axis in the temperature range 1.8—390
Ga-flux® The obtained crystals were characterized by a powK. The susceptibility x;, (Hlic) is much larger thany,
der x-ray diffraction method using Cu—Kadiation at room (H.Lc) in all of the measured temperature range. This strong
temperature. The dc electrical resistivity and Hall coefficientanisotropy is thought to be due to anisotropgid mixing
measurements were performed by standard four- and fivénteractio along the a and c axis of the hexagonal

Il. EXPERIMENT
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A e . x(0) is estimated to be 5.6810 3 emu/mol for Hiic or
2.14x 102 emu/mol for HLc, respectively. Takingy=8
RRh,Ga and g=8/7, we get the characteristic temperatufg
] =577 K for Hllc or 1532 K forH.Lc, respectively, which
is comparable to the valu&,=824 K obtained by using
the equation C/T(T—0)=y=(v—1)mwkgl/6Ty, and y
=36.6 mJ/molKR given in later. Rajahhad given the tem-
perature dependence of magnetic susceptibility in terms of
the Bethe-ansatz solution of the Coqgblin—Schrieffer model.
We have tried to fit experimental data using the obtained
parameters. However, in this case, the theoretical curves of
450 . . , , . . , x(T) do not reproduce the experimental results welbt
Gd T Dy Ho Er Tm Yb Lu shown herg The disagreement may be attributed to the va-
Rare Earth Elements lency of Yb ions in YbRbhGa, which deviates strongly from
+3; this point can be understood from the relatively small
effective moment value. Bickerst al® have calculated the
temperature dependence of magnetic susceptibility with the
4f occupation numben;<<1 for »=6 and found thaj(T)
deviates strongly from the casg=1.
An alternative approach describing the features of inter-
'mediate valence systems is the interconfiguration fluctuation

460F -

Unit Cell Volume ( A%)

FIG. 1. Unit-cell volume vs rare-earth elementRRRh,Ga com-
pounds.

NagAs-type structure. The distinctive feature pfT) curves

is a broad maximum af 54, ~90 K for Hilc and Tax,
~170 K for HL ¢, respectively. The high temperature scales
Tmax,~100 K, are typical of mixed-valent gomppund; With (|cF) model® In the ICF model, the interaction of the con-
Kondo temperaturd greater than 500 K? No impurity  g,ction electrons with thefashell induces that the rare earth
trail was observed in the susceptibility of Ybf@a at the o flyctuates between two configurations: ground state and

lowest temperatures, indicating the high quality of oureycited state. The magnetic susceptibility of Yb ions in the
sample. Above 250 K,,(T) follows Curie-Weiss law, |cE model can be written as

X(T)ZNMf}ﬁISKB(T—(B), and gives effective moment ¢

=3.43ug and Weiss temperatu@ = — 40 K. The value of x=N(4.54ug)?v(T)/3xg(T+ Tsp) + X0 (2
effective moment is reduced from 4.4 expected for free d

Yb3* ions, which indicates an intermediate valence state o n
the_Yb ions in YbRBGa. Buty, (T) do_es not exhibit Curie— U(T)=8K8+ex — Eey/ kp(T+Ten 1} 3)
Weiss behavior up to 390 K. According to the Bethe-ansatz

solution of Coqgblin—Schrieffer model for Kondo-impurity whereE,, is the energy difference between the'4and 43
system’ the characteristic spin-fluctuation temperatfg  states, andg; is spin-fluctuation temperaturg, is the tem-

could be estimated from perature independent susceptibility. The fits of the measured
5 5 data to Eqs(2) and(3) are in reasonable agreement in the
To=v(v*—1)(gup)/24kgx(0), (1) high temperature region and give Eq,/kg=294K, Tq;
wherev is the magnetic degeneragyis the Landeg factor, =62K and xo=-9.3X 10"* emu/mol  for Hilc, or

ug is the Bohr magneton, arkk is Boltzmann's constant. — Eex/kg=684 K, Ts=164K, and  xo=-4.8
X 10~* emu/mol forH.L c, respectively. The large negative

10 . - . Ex Values indicate that the magnetid’a state is situated
YbRh,Ga well above the nonmagnetid # ground state. The values of
E.xandTg; are comparable to those of well-known Yb-based
compounds like YbAJ.° The valence of Yb ion estimated
from Eq. (3) is 2.78 forHlic or 2.65 forH.L c at room tem-
perature.

The temperature dependence of electrical resistivity mea-
sured with the curreni parallel or perpendicular to axis is
shown in Fig. 3. The electrical resistivity increases mono-
tonically with temperatures up to room temperature. A broad
shoulder was observed at150 K for both directions. This

temperature dependence resembles that of typical Yb-based
00 0 200 300 200 mixed-valent compounds such as Y@Akévhich possesses a
T(K) characteristic temperaturd~670 K.11° This relatively
large T value is expected to overcome the crystal-electric-

FIG. 2. Temperature dependence of magnetic susceptibility fofield (CEF) splitting. In YoRBGa, p; (Jlic) is much larger
YbRh,Ga with magnetic field i=0.5 T) applied parallel or per- thanp, (JLc) over all the temperatures, suggesting the high
pendicular toc axis. The solid lines are the fits of to the ICF  anisotropy. This anisotropy ip could be also considered to
model with the parameters given in the text. result from the anisotropic hybridization between localized

¥ (10 emu/mol-Yb)
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FIG. 4. Specific heat divided by temperat@éT vs tempera-

FIG. 3. Temperature dependence of electrical resistivity oftureé T for YbRh,Ga between 1.2 and 40 K in applied magnetic

YbRh,Ga with the current parallel or perpendicular daxis be-

fieldsH of 0 and 8 T Hlic). Upper inset: Specific heat divided by

A o PR T =
tween 1.6 K and room temperature. Upper inset: The electrical reLempgraFureC/T vs TZ atH=0. The solid line is a fit oC/T=y
sistivity vs quadratic temperature in low temperature region. Thet 8T~ With the parameters given in the text. Lower inset: Magnetic

solid line shows tha2 dependence. Lower inset: Magnetic contri- Contribution to the specific heat in YbRBa.

bution to the resistivity of YbR§Ga as a function of temperature
obtained by subtracting the resistivity of YRba.

4f-electron and conduction electiohAt room temperature,

Figure 4 plots the specific heat divided by temperature
C/T vs T between 1.2 and 40 K measured in zero field and in
8 T. The absence of an anomaly@{T) for YbRh,Ga con-

py is 110 uQem andp, is 80 uQcm, respectively, which is firms that this compound does not exhibit any magnetic or-
the same order of magnitude as other known mixed-valender, at least down to 1.2 K. The upper inset shows the plots
compounds:?As shown in the upper inset of Fig. 8shows  of C/T vs T2 in zero field. A linear dependence 6/T on

a T2-dependence up to 25 K, indicative of Fermi-liquid be- T?> was observed up to 8 K. Fitting the data to the expres-
havior or spin fluctuations. The fit of equatipr=py,+AT2  sion C/T=y+pBT? gives y=36.6mJmolk, j

to the data yields the residual resistivipgy=37.42uQ0cm  =0.306 mJ/molK, and Debye temperatug, =294 K. The
(10.21u0cm) andA=0.0047,Q cm/K? (0.0033u0cm/K?) v value is nine times larger than that of Y{&a (3.9

for Jilc (JLc), respectively. TheA value alongc axis is  mJ/molk?, not shown herewith no 4f electron and small
larger than that perpendicular ¢caxis. To estimate the mag- larger than that of isostructural compound Yi@a2 The
netic contributionp,,, to the electrical resistivity, we use the enhanced value for YbRIa is comparable to those of
data of YRRGa as a reference materiabt shown hereWe  known intermediate compounds:y=45 mJ/moll for
assumed that the temperature dependence of resistivity &fbAl;,** y=135mJ/mol€ for YbCuw,Si,,** and vy
YRh,Ga represents the phonon contribution to the resistivity=260 mJ/mol for YbCuAl.*® The enhancement of the
of YbRh,Ga and the residual resistivity is approximately theelectronic specific heat in YbR&a indicates that the elec-
same in both compounds, and then we ggE pyp—pv - tronic state of the Yb ions is likely in valence fluctuating
The obtaineg,, vs T was plotted in the lower inset of Fig. 3. state rather than in a tri-valent state. In heavy-fermion sys-
The prominent feature of the magnetic resistivity is the prestems, magnetic fields are expected to cause important
ence of a broad maximum &t,..,m~150 K. Similar behav- changes, especially for the low-temperature specific heat. For
iors have been observed in many valence-fluctuatingxample, in YbAgCu,'® y increases strongly with fieltby
systems:1112|n most of the cases, the temperature scale 0f.0% at 10 T and shows a quadratic field dependence up to
this transport anomaly is comparableTg,y, deduced from 10 T. However, in our case, no distinct difference was ob-
the magnetic susceptibility. Sindg,,x, can be chosen as an served between the specific heat measured in zero field and
order of magnitude estimate of the ©¢b) spin fluctuation in 8 T as shown in the Fig. 4. A very small enhancem@nt
temperature, it is natural to attribute the anomaly of resistivimJ/molk?) is consistent with the not enough large valueyof

ity to a strong CegYb) spin-scattering for those compounds The magnetic contributionC,(T) to specific heat for
wheremepm~TmaxX.1 In YoRh,Ga, Tay, Values are also  YbRh,Ga was deduced by subtracti@{T) of YRh,Ga, as
comparable tdl ,ax,m, @and so we suggest that the transportplotted in the lower inset of Fig. 4. No anomaly was ob-
anomaly should be accounted for by the spin-scatteringerved at low temperatures. Note that a maximum or increase
mechanism, rather than the CEF splitting or Kondo scatteref C,/T at the lowest temperatures was frequently observed
ing mechanism. in some mixed-valent compounds where a second energy
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FIG. 6. Plots of thermoelectric powe vs temperaturel’ for
T (K) YbRh,Ga with thermal gradient parallel waxis.

FIG. 5. Temperature dependence of Hall coeffici€q for of conduction electrons by Yb ions. We have tried to fit the
YbRh,Ga with current along axis and magnetic field applied per- data by using the Eq@4). We plotted theRy vs px in
pendicular toc axis. Inset: Hall coefficienRy, plotted asp,,x. The  the inset of Fig. 5 in the temperature range 140-300 K. The
solid line shows the linear dependence. linear dependence, shown by the solid line, giRys-3.86

101 m®/C and y* =0.046 K/T. They* value is compa-
scale was developed, like YbAP and CeNiSj.!” The rable to those of heavy-fermion or mixed-valent
estimated magnetic entrof, is close toRIn 2 per Yb ion compoundg?
at 40 K. The temperature dependence of thermoelectric pdsver

For comparison with other heavy-fermion and mixed-for YbRh,Ga with thermal gradient parallel to axis is
valent compounds, we estimated the Kadowaki—Woodshown in Fig. 6. In contrast t&,, Sis negative at all tem-
ration'® A/y? for YbRh,Ga, whereA is the coefficient of peratures. The prominent feature in the thermoelectric power
the T2-term of the electrical resistivity anglis the electronic  is the large absolute value-—29 uV/K at room tempera-
contribution to the specific heat. The values Afy?>  ture) which exceeds those of simple metals by one or two
are 0.310°° pQcm/(molk/mJY for Jic or 0.24 orders magnitude, and exhibits a broad minimunil g,

X 10 ° uQem/(molK/mJ¥ for Jlc, respectively. These ~120K, whereS~—36uV/K. We found that Tp,s is
values are the same order as the common value of tlose toT.,,, Where the magnetic susceptibility shows a
X 1075 pQcem/(molK/mJY for other mixed-valent com- broad maximum. Note that the broad negative anomaly
pounds, like YbA},'® which is estimated to be 0.4 agrees with those observed in most of Yb-based mixed-
X107% wQem/(molK/mJP. This result confirmed that valent compound®’ It is opposite in sign to the Ce com-
YbRh,Ga is a typical mixed-valent compound. pounds due to the electron-hole symmetry of Céf com-

Figure 5 shows the Hall coefficiel,, vs temperaturg  pared with YB* 4f13,
for YbRh,Ga between 2 and 300 K measured witle and In summary, our results indicate that Ybj@ua is a typical
HLlc (H=1.3T).Ry is positive over the measured tempera- mixed-valent system with a magnetically nonordered ground
ture range. With decreasing temperatuRe, increases and state. This compound offers an interesting example of mixed
exhibits a maximum around 65 K and followed by steepvalence in noncubic systems. The anisotropy observed in
decrease toward lower temperatures. In the impurity Kondd’bRh,Ga could be attributed to the anisotromief mixing
system, the Hall coefficient can be described by thealongaandc axis of the hexagonal NAs-type structure. To
expressioff~2? understand better the anisotropic anomaly in YR, it is

necessary to obtain detailed informafioon the electronic

Ru=Ro+ ¥* pmX, (4)  structure near the Fermi surface.

where Ry is the ordinary Hall constanfy is the reduced
susceptibility,y= x/C (where C is the Curie constanty* is

a constant ang,, is magnetic resistivity. The second term,  The authors would like to thank Dr. Biwa and Mr. Kama-
the anomalous Hall coefficient, arises from skew scatteringani for their assistance in the specific heat measurements.
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