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In order to understand the anisotropic magnetic and electrical properties of ternary compoiigls Ce
(T=Cu, Au, Ni) with the tetragonal structure, we have grown single crystals of this series by the self-flux
method and measured the electrical resistivity, magnetic susceptibility, magnetization, and specific heat.
CeCuSh and CeAuSh are found to order antiferromagnetically with dléemperatures of 6.9 K and 5.0 K,
respectively, while CeNiShis a ferromagnet with a Curie temperature of 6.0 K with an easy axis of magne-
tization oriented along thgL0Q] direction. The magnetic property of CeCy3thows a very small anisotropy,
whereas the electrical resistivity is highly anisotropic betw&ef100] and[001]. In contrast, CeAuSband
CeNiSh show a strong anisotropy both in the magnetic and electrical measurements, although the magnetic
easy axis is interchanged with respect to each other. The anisotropy in the magnetic properties has been
explained on the basis of a crystalline electric-field model.
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I. INTRODUCTION line electric-field(CEP schemée?® On the other hand, large
dHVA frequencies of 190e, which correspond to cylindri-
Recently rare-earth and uranium compounds with a quasical Fermi surfaces, were detected by the dHvA measurement
two-dimensional electronic state have been attracting widér the magnetic field along the tetragorj@01] direction,
attention in relation to superconductivity’ CeColn, and  indicating the quasi-two-dimensional electronic structure.
Celrlns are heavy-fermion superconductors with transitionThe dHVA branches in CeAg$tare highly different from
temperatures of 2.3 K and 0.4 K, respectively. It is noted thathose with small dHvA frequencies of 1@e in the refer-
CeColn, is the firstf-electron superconductor of which the €Nc€ compounds LaAggband YAgSh which exhibit a
position of nodes in the superconducting energy gap Wa§em|me§alllc character. The dHVA results have _been com-
determined, indicating e type? There are other com- pared with the results of the energy-_band calgulatlons. It was
pounds with quasi-two-dimensionalitR X, (R—rare earth, concluded that the f4electron is mainly localized, and the
X—pnictogen, UX,, UTGa, (T—transition meta, and Fermi surface_of CeAgSbis S|m|la_r to that of _LaAgSp
CePX.57 The quasi-two-dimensional electronic state inexcept fo_r a slight enlargemeqt whlch enab!ed it to form the
. "large orbits along a hollow cylindrical Fermi surfale.
UX,, CeTIng, and UTGa; is closely related to the magnetic In order to understand the physical properties of the other
unit cell and/or the unique crystal structure elongated alonQ:eTsz (T=Cu, Au, and Ni unambiguously, we have
the tetragona[001] direction, which bring about flat Bril-
louin zones and produce cylindrical but highly corrugated
Fermi surfaces alonfp01].
CeTSh, or more generalf RT X, and UT X,, as discussed
by Kaczorowski etal.® crystallize in the tetragonal
ZrCuSh-type structure(space grou@4/nmm), which can
be described as a filledX} in UTX,: planes of transition-
metal atoms intercalate into the unit cell of the respective
binary uranium dipnictide. The crystal structure of T,
can also be understood from the stacking arrangement of
CeSbT-CeSb-Sb layerdas shown in Fig. 1. Although there
are some reports on the T8b, compounds, most of them
are on polycrystalline samplé$;!? except for CeAgSh*®
and their magnetic properties are not clearly elucidated.
Recently, we have carried out the de Haas—van Alphen
(dHVA) experiment, together with the electrical resistivity,
magnetic susceptibility, magnetization, and specific-heat ex-
periments on a high-quality single-crystal CeAgSkhich
has a small net ferromagnetic moment of ©:4Ce* The
bulk magnetic properties are well explained by the crystal- FIG. 1. Crystal structure of Qe&h, (T=Cu, Au and NJ.
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FIG. 2. Temperature dependence of the electrical resistivity ofusceptibility of CeCuSh The inset shows the magnetic suscepti-
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grown single crystals and investigated the magnetic and ele.%'istivity also shows a-InT dependence with decreasing

tricgl _p_roperties by Stl.dei.ng the heat capacity, amsmmp.'%emperature indicating that this compound forms a dense
resistivity, and magnetization along the two crystallograph|cK0ndo lattice. The resistivity has a maximum around 23 K

directions. We have also performed the CEF analysis of th?or J [100] and aroud 9 K for J| [001], and decreases

magnetic susceptibility and magnetization data on thes?urther with decreasing the temperature. The maximum in
single (_:rystals to understa_r!d the variation in the magnetkl;he resistivity and the subsequent fall méy arise due to the
properties due to the transition metals. onset of coherence among the Ce ions. This is typical of
heavy fermion compounds as in the case of Getéurhe
II. EXPERIMENT magnetic susceptibility and the heat-capacity studises-
scribed later in this sectigrshow antiferromagnetic ordering

Single crystals were grown by the self-flux method, as . o
described in Ref. 13. The starting materials with @9.9% below 6.9 K. However, the evidence for the transition is not

pure-Ce, 5N-Cu and Au, 4N-Ni and 5N-Sb were taken in discernible from the resistivity data. . -
the appropriate ratio with excess Sb as a flux. The startin The temperature dependence of the magnetic su;ceptlbll—
materials were then placed in an alumina crucible and seal I':r? a gel_?hof 1T frm;éllls toh300 K isshown |n”the.|nstet
inside an evacuated quartz ampoule with a partial pressure g. . The susceptibiiity Shows a very smail anisotropy
Ar. The temperature of the furnace was raised to 1000 ° ong the two crystallographic directions, which is contrary
and after homogenizing the mixture for two days, the furnac o the resistivity data. However, the antiferromagnetic order-

was cooled down to the eutectic temperature over a period gggrlngzrattsjereidggttgieeir%i:htiepegﬁrizhvz\/gi.sgs Kbe:—wgsigrigiz_ the
three weeks and then rapidly to room temperature. The cry -aramagnetic region above 100 K, as shown in Fig. 3. The

tals were separated from the flux by means of a centrifuge‘? ) ; . .
The typical size of the crystal was<g5x 3 mn?, being flat effective magnetic momeni.« and the paramagnetic Curie

in the (001) plane. The single-crystalline nature was con-[€Mperatures, are estimated to be 2.33/Ce and—12 K,

firmed by x-ray Laue back reflection technique and the crys/€SPectively, forH|| [100] and 2.33/Ce and—17 K, re-

tals were cut along the desired orientation by means of Pectively, forH|| [001]. The effective magnetic moment is

spark erosion cutter. As mentioned in the Introduction, thesg!l9ntly smaller than the free ion moment of Te
compounds crystallize in the tetragonal structure with latticd 2->4+8/Ce€). The negative sign of the paramagnetic Curie
constants, a= 4.337 A and c=10233 A for T=Cu, a  temperatures indicates an antiferromagnetic correlation of

—4.408 A anc=10.339 A forT=Au. anda=4.393 Aand this compound. We have also estimated the average of mag-

c=9.750 A forT=Ni.*°

The electrical resistivity was measured by the four-probe TABLE I. Magnetic ordering temperaturg,q, the average of
dc method, magnetic susceptibility and magnetization weré¢he effective magnetic momenpt., the paramagnetic Curie tem-
measured by the commercial superconducting quantum inteperatured,, and specific-heat coefficientof CeTSh, (T=Cu, Ag,
ference device magnetometer and the specific heat was mefy. and Nj. The data of CeAgShare cited from Ref. 14Where

sured by the quasiadiabatic heat-pulse method. AF means antiferromagnetic and F means ferromaghetic.
Tord Meeff 0p Y
lll. EXPERIMENTAL RESULTS (K) (us/Ce) (K) (MJ/K2 mol)
A. CeCuSh, CeCuSh AF 69 233 -9 100
Figure 2 shows the temperature dependence of the eleceAgSh F 9.7 2.47 4.3 46
trical resistivity p from abou 1 K to 300 K. Theelectrical  ceAusSh AF 50 2.45 -22 90
resistivity is highly anisotropic betweeH [100] and[001],  ceNish F 6.0 2.33 —22 55

reflecting the quasi-two-dimensional electronic state. The re
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FIG. 4. Field dependence of the magnetization in CeGuSb FIG. 6. Temperature dependence of the electrical resistivity in

CeAuSh.

netic susceptibility using the relationy = (2x[100] o ] -~
+ Xx[o01)/3, and the corresponding effective magnetic mo-the broken line in Fig. 5. Since we do not have the specific-
ment and the paramagnetic Curie temperature are tabulat@gat data of the co_rrespondm_g Iattlc_e contribution and d_ue to
in Table I. Below 100 K, they ! data of CeCuShis curvil- the lack of any rehgble_ data in the literature for the estima-
linear, which could be due to the combined influence of CEFion of lattice contribution, we have calculated the total en-
and Kondo effect. tropy change. Furthermore, we found from our earlier study

Figure 4 shows the magnetization curves at 2 K along tw@n CeAgSh' that there is not much difference between the
principal directions. A magnetic moment at a field of 70 kOeMagnetic _entropy $;,,;=0.88RIn2) and the total entropy
only amounts to 0,45/Ce—0.5:5/Ce, significantly reduced (Swa=0.91RIn2) at the ordering temperature of 9.7 K, and
because the magnetic moment of Ag0Ce is commonly ~anticipating a similar trend for Gesh, (T=Cu, Au, and Nj,
observed in ternary intermetallics. There is slightly a meta\Ve have calculated the total entropy change. The total en-
magnetic transition fok| [001] at Hy,=50 kOe, shown by ~tropy change for CeCugbat Ty amounts to only about
an arrow, while the magnetization fbf| [100] tends to satu- 0-6RIn 2. The reduced value of the entropy may be due to
rate at high fields. From these data we dedi@®l] as the the existence of magnetic fluctuations abdygand due to
antiferromagnetic easy axis. However, data at much highe€ presence of the Kondo effect.
fields are necessary to clarify it.

The temperature dependence of the heat capacity in the
form of C/T versusT is shown in Fig. 5. The bulk magnetic
ordering atTy=6.9 K is unambiguously established from
the specific-heat data. THe/T data below abau5 K de-
crease almost linearly with decreasing temperature. A line
extrapolation toT=0 gives a relatively large electronic
specific-heat coefficieng~ 100 mJ/K mol, as shown in Fig.
5 by a broken line. The enhanced value is due to the
Kondo effect. Also shown in Fig. 5 is the total entropy
change of CeCuSb The entropy change at low tempera-
tures, which is shown by a solid line, is estimated by assum
ing the linear temperature dependenceCét, as shown by

B. CeAuSh,

Figure 6 shows the temperature dependence of electrical
resistivity for the current directions parallel {400] and
a[rOOl] from 1.3 K to 300 K. The magnetic ordering tempera-
ture Ty=>5.0 K can be seen by a change of slope in the
resistivity. This compound also exhibits a large anisotropy
and —InT dependence with decreasing temperature above
100 K for J|| [001], similar to CeCuSh

The temperature dependence of the magnetic susceptibil-
ity and the inverse susceptibility are shown in Fig. 7. The
susceptibility clearly indicates the antiferromagnetic ordering
below Ty=5.0 K, showing a steep decrease foff [001].
The antiferromagnetic easy axis is thus determinef@ag].

FIG. 5. Temperature dependence of the specific heat in the form
of C/T and the total entropy of CeCugbrhe broken line shows a
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FIG. 7. Inverse magnetic susceptibility of CeAyS@he inset
shows the magnetic susceptibility.

linear extrapolation o€C/T vs T data below 5 K, and the solid line
displays the corresponding entropy change below 2 K.
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magnetic phase diagram féti| [001] is shown in the inset. under pressure. The arrow indicates the antiferromagnetic ordering.

In this compound, the susceptibility is also highly aniso-the case of CeCu$b The magnetic and thermal properties
tropic. The susceptibility value for the field alof01] is  of CeAuSh are summarized in Table I.
much larger than that fdr100], and for temperatures above  We have also studied the pressure dependence of the re-
100 K, the susceptibility follows the Curie-Weiss law. The sistivity. Figure 10 shows the low-temperature part of the
effective magnetic moment and the paramagnetic Curie tenelectrical resistivity for different applied pressures. The re-
perature argues=2.50ug/Ce andd,= — 69 K, respectively, sistivity shifts in the vertical scale with increasing applied
for H|| [100], and uex=2.49u5/Ce andfd,=21 K, respec- pressure. As can be seen from the figure, thelNempera-
tively, for H|| [001]. ture Ty decreases with increasing pressure and becomes zero
The antiferromagnetic ordering is further confirmed byat about 2.0 GPa.
the magnetization. The field dependence of magnetization at
2 K for two principal directions is shown in Fig. 8. For .
H|| [100], the magnetization increases linearly up to 70 kOe, C. CeNiSb,
whereas the magnetization fét|| [001] is linear up to 25 The temperature dependence of the electrical resistivity of
kOe but shows a metamagnetic transition at 25 kOe. Th€eNiSl is shown in Fig. 11. The resistivity behavior is quite
value of magnetization at 60 kOe is L5/Ce, while the different from that of CeCuShand CeAuSk. For CeNiSh
value for H| [100] is 0.08ug/Ce, indicating highly aniso- a broad hump is observed around 100 K. This could be
tropic magnetizations. The metamagnetic transition disapeaused by the interplay between the CEF and the Kondo
pears in the paramagnetic phase. The magnetic phase dieffect!’ For temperatures below 50 K, the resistivity shows a
gram is shown in the inset of Fig. 8. local minimum around 25 K and upon further cooling, the
The temperature dependence of the heat capacity in thesistivity passes through a maximuin7ak and then drops
form of C/T is shown in Fig. 9. A peak clearly indicates the steeply due to the magnetic ordering beldw=6.0 K. Pre-
bulk antiferromagnetic ordering in this compound. The tem-vious report on the polycrystalline sample of CeNiSiy
perature dependence Gf T below 3 K is almost linear, and Muro et al1? indicated no magnetic ordering. However, an-
the v value is estimated by the linear extrapolation below 3other study on the polycrystalline sample by Vijaya Lakshmi
K to be about 90 mJ/Kmol, as shown by a broken line in et al'® have indicated the magnetic ordering in this com-
Fig. 9. As can be seen from Fig. 9, the total entropy at thgpound around 6 K, although their absolute value of resistiv-
magnetic ordering temperature is aboutPlB2, similar to ity is very high compared to our data. This could be due to
the single-crystalline nature of our sample.
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FIG. 9. Temperature dependence of the specific heat and the
total entropy of CeAuSp The broken line is a linear extrapolation
of C/T data below 3 K, and the solid line shows the corresponding FIG. 11. Temperature dependence of the electrical resistivity in
entropy change. CeNiSh.
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The temperature dependence of magnetization in a field of
5 kOe is shown in Fig. 12. The ferromagnetic ordering in this IV. DISCUSSION
Compound is observed by the inflection pOint at 6.0 K in the As shown in the preceding Section, the magnetic proper-
magnetization versus temperature curve. The inverse suscefss of Ca'Sh, are largely dependent on the kind of transi-
tibility plot of CeNiSh, is shown in the inset of Fig. 12. The tjon metalT. CeCuSh and CeAuSh show antiferromagnetic
high-temperature data follow the Curie-Weiss law with thegrder at low temperatures, while CeNiShas a ferromag-
effective magnetic moment of 2.33/Ce and 2.385/Ce,  netic ground state below 6.0 K. The variations of the mag-
respectively, forH| [100] and H|| [001] and the estimated petic anisotropy are more intriguing. In CeCySthe mag-
paramagnetic Curie temperature amounts to 0.3 K an@etic anisotropy is very small as shown in Fig. 3, although
— 72 K, respectively, foH|| [100] andH|| [001]. the resistivity shows an anisotropic feature, as shown in Fig.

The magnetization curve at 2 K in Fig. 13 shows a con-2  syggesting a quasi-two-dimensional electronic state. On
siderable deviation from linear behavior, and a hysteresis ifhe other hand, CeAuShand CeNiSh show a large mag-
the magnetization curve is observed aloH§ [100] and  netic anisotropy, although the magnetic easy axis is inter-
H[ [110], consistent with the notion of the ferromagnetic changed with respect to each other, namfd@1] for the
ordering in this compound. The magnetization increases veryntiferromagnet CeAuSband [100] for the ferromagnet
rapidly for small applied fields alon§100] and saturates CeNiSh. These facts imply that the CEF as well as the
around 25 kOe with a saturation moment of @g8Ce, in-  Ryuderman-Kittel-Kasuya-Yosida interaction in @b, are
dicating[100] as the easy axis of magnetization. significantly influenced by the transition metal. The total en-

The temperature dependence of specific heat in the forfpopy change for these compounds studied here amount to
of C/T and the total entropy is shown in Fig. 14. The datagphout 0.RIn2 at the ordering temperature. This suggests
show a clear jump atc=6.0 K, displaying the bulk ferro-  that the magnetism in all the three compounds is due to
magnetic transition, which is in accordance with the resistivitinerant 4f electrons. However, the relatively large induced
ity and the susceptibility measurements. /@ data below magnetic moments of 1,5,/Ce and 0.g.5/Ce at 60 kOe for
2 K can be described by an equation 6/T=y+5T>  CeAuSh and CeNiSh, respectively, indicate that the mo-
+ATY, with  parameters y=55mJ/€mol, B ment reduction due to the Kondo effect is small for at least
=56 mJ/K'mol, and A=6 mJ/K*?mol, assuming spin- these two compounds. Therefore, we concluded that the 4
wave excitations in the ferromagnets, as shown by a brokegjectrons are nearly localized in these compounds, and ana-
line in Fig. 14. The total entropy afc is found to be |yzed the magnetic susceptibility and magnetization data on
0.5RIn2. The magnetic and thermal properties of CeNiSb the basis of a simple CEF model to see the CEF effect on the
are summarized in Table I. anisotropy change. The CEF Hamiltonian for tetragonal sym-

10 metry is given by

CeNiSb,
= _po0A~0 0~0 4~4

3 ' 2 ........................... H 11 [100] Heer=B305+ B304+ 8,04, @)
% A whereBjy' and O}’ are the CEF parameters and the Stevens
g 05 1 operators, respectively:?** The CEF susceptibility is defined
3 as
g
é” .................. "

S e L l—e fmn

o= XCEH:N(QJ,U«B)ZZ( > |<m|\]i|n>|2A—e FEn

0 20 40 60 mzn m.n
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+ n|Ji|n)|?Be #En|, 2)
FIG. 13. Field dependence of magnetization in CeNiSh ; |< i >| A
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curves of CeAuSh The solid lines are the calculated curves ascurves of CeNiSh The solid lines are the calculated curves as
described in the text and the inset(& shows the low-temperature explained in the text.
part of the susceptibility foH| [100].

o BEn
whereg; is the Landeg factor (= 6/7 for Cé"), E, and|n) Mi:gJ“B; [{n[Ji|n)| 7
are thenth eigenvalue and eigenfunction, respectival|y(i

=X,y, andz) is the component of the angular momentum, where the eigenvalug, and the eigenfunctiomm) are deter-
Apn=En—Ep, Z=3,e #%n, andB=1/kgT. The magnetic mined by diagonalizing the total Hamiltonian
susceptibility including the molecular-field contributianis
given by

4

H=Hcer— 9amusdi(H+AiM;), (5

P S 3) whereHcgr is given by Eq.(1), the second term is the Zee-
i — ACER i

man term, and the third one is the molecular field.

The CEF parameters were estimated from the fits to the
We have also calculated the magnetization by using the folmagnetic susceptibility and magnetization data. Solid lines in
lowing formula: Figs. 15 and 16 show the calculated curves by using the CEF

TABLE Il. CEF parameters, energy-level schemes, and the corresponding wave functions for &eAuSb

CEF parameters

BY(K) BJ(K) Bj(K) X\ (emu/moly?

-8 0 0.3 N[100;= —40
N ooyy= —5
Energy levels and wave functions
E(K) |+5/2y  |+3/2) |+1/2) |—1/2) |-3/2y |-5/2)
145 0 0 1 0 0 0
145 0 0 0 1 0 0
97 0 —0.997 0 0 0 —0.083
97 0.083 0 0 0 0.997 0
0 0 —0.083 0 0 0 -0.997
0 -0.997 0 0 0 0.083 0
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TABLE lll. CEF parameters, energy-level schemes, and the corresponding wave functions for £eNiSb

CEF parameters

BY(K) BI(K) Bj(K) A (emu/moly?

7 0.3 6 N[100=19
Nfooy=19
Energy levels and wave functions
E(K) |+5/2y |+3/2 [+1/2) |—1/2) |-3/2y |-5/2)
358 0 —0.531 1 0 0 —0.847
358 0.847 0 0 0 0.531 0
149 0 0 1 0 0 0
149 0 0 0 1 0 0
0 0 0.847 0 0 0 —0.531
0 0.531 0 0 0 —0.847 0

parameters listed in Tables Il and Il for CeAuShnd dition to thec-f mixing effect, which is responsible for the
CeNiSh, respectively. development of the heavy-fermion state, a mixing effect be-
As shown in Figs. 1&) and 1%b), we get good fits with  tweenf electrons in Ce ang electrons in Sb may be another
the proposed CEF model for susceptibility and magnetizatiopossibility for the presence of such hybridization effects, be-
of CeAuSh. On the other hand, there is a difference be-cause C&Sh, consists of a sequential stacking of
tween the experimental and calculated magnetization curveseShT-CeSh-Sb layers along t§801] direction. In fact, a
for H[|[100] in CeNiSh, as shown in Fig. 1®). With re-  quasi-two-dimensional electronic state was observed in
gards to CeCuSh the small magnetic anisotropy leads to aceagsh by the dHvA experiment® A detailed systematic
very small energy splitting with less than 10 K of the CEF o \iron-scattering and high-temperature specific-heat mea-
scheme. Small induced magnetizations at 70 K@Bout ¢, oments are necessary to substantiate our calculations
0.45ug/Ce) and the relatively large y value p,, 4 the Jevel splitting and to clarify the influence of the

(100 mJ/K¥ mol) may imply a substantial Kondo effect P in Tat
which should be considered in the analysis of the magneti(r:]ybndlz"’ltlon effect on the CEF state in '

properties of CeCuSb

Very recently, we have reported that the magnetic proper-
ties in CeAgSh can be well understood by the CEF modfel.
In this CEF scheme, the wave functions of the ground state \ye have investigated the electrical and magnetic proper-
are| = 1/2) and the observed ferromagnetic moment of aboujjeg of CeCuSh, CeAuSh, and CeNiSh. The electrical re-
0.4ug/Ce along 001] is expl_alned by the satura_tlon_ mom_ent sistivity is highly anisotropic betweed| [100] and [001],
of the ground stateg,ugJ,=0.43ug/Ce. Considering this indicating a quasi-two-dimensional electronic state.
fact, we suggest the hybridization strength decreases fro'BeCuSlg and CeAuSh are antiferromagnets withT
CeCuShto CeAuSh. Itis noted that a similar tendency was =6.9 K and 5.0 K, respectively. The antiferromagneticNeasy

reported for C&,Si, (T= transition metdl system, where axis in CeAuSh is along[001]. The Neel temperature de-

well-defined CEF excitations were observed in Cg®ig L . R
and CeAySi,, while only a broadened excitation, which is creases with Increasing pressure for CeAyS;beMSQ IS a
ferromagnet withT-=6.0 K. The easy axis in CeNigShs

due to the strong interactions betwekealectrons and con- ) ]
along [100]. The relatively largey values in these com-

duction bands, was detected for CgSiy.? ) _
The present anisotropy change between CeAuSid pounds, in the magnetically ordered state, suggest the strong
electron correlations.

CeNiSh is reflected to the sign of tth parameter as
shown in Tables Il and 111B3=—8 K in CeAuSh and B

=7 Kin CeNiSh. Even in CeAgShwhose transition-metal
element is located just one above Au in the periodic table,

the sign of theBj (=7.8K) is opposite to that in We would like to thank Professor S. Ramakrishnan for a
CeAuSh.*® When Coulomb interactions with neighboring critical reading of this manuscript. The present work was
ions have a dominant effect to the CEF potential, it seem$inancially supported by a Grant-in-Aid for Scientific Re-
that the sign oBg should be the same even if we change thesearch COE(Grant No. 10CE2004from the Ministry of
transition-metal element. The dramatic change of the sign ifEducation, Culture, Sports, Science and Technology. One
the B parameter suggests that the CEF potential if€l®  of the authors(A.T.) is very much grateful to the Japanese
is largely dependent on the hybridization between localized®ociety for Promotion of ScienddSPS$ for financial assis-
f-electron states and the conduction-electron bahtts.ad-  tance.
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