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Crossover from low-dimensional to three-dimensional ferromagnetism in CePd ,Pt,Sb alloys
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The hexagonal material CePdSb exhibits low-dimensional ferromagnetismiTwiti7.5, while isostruc-
tural CePtSb shows normal three-dimensional ferromagnetism With4.8 K. To understand the low-
dimensional ferromagnetic ordering of CePdSb we have investigated, CER@&EDb alloys, using ac suscepti-
bility, heat capacity, thermal expansion, and zero-field spin-echo NMR measurements. The ac susceptibility
shows that thd; of the Pd-rich alloys is higher than that expected from a linear extrapolation of the Pt-rich
alloys. The heat capacity shows a smooth crossover from the anomalei®s4) to normal ¥=0.6) ferro-
magnetic behavior with increasing Pt concentration. Thermal expansion results agree with the heat-capacity
data for the alloys that are either Pd rich<(0.2) or Pt rich ¢=0.8). However, the thermal expansion shows
anomalous behavior for the alloxs=0.4 and 0.6, in the composition range where the heat capacity exhibits
the crossover behavior. From the heat capacity and ac susceptibility measurements a phase diagram, tempera-
ture vsx, for CePd_,PtSb alloys has been proposed. Low power zero-field Sb spin-echo NMR studies show
well-defined quadrupole split NMR spectra in both CePdSb and CePtSbh, confirming the ferromagnetic ground
state. Only a very broad NMR signal has been observed in the substituted alloys qf (Ff%b (0.5=x
=<0.8) because of the differences between the quadrupole splitting of CePtSb and CePdSb. The internal field
at the Sb nucleus at low temperatures for CeRE8PdShis +2.3 T (+2.8 T) and the quadrupole splitting 8.5
and 5.1 MHz(3.8 and 2.3 MHx for *21Sb and'?3Sh, respectively.

I. INTRODUCTION of GdPdSb, which is not the case. This suggests that the
magnetic ordering temperature of CePdSb is anomalous. The
There has been considerable interest recently in the teheat capacity, thermal expansion, spontaneous magnetiza-
nary equiatomic compounds of the typeTC& whereTisa tion, and small angle neutron-scattering studies show un-
transition metal atom ani is a metalloid atom. Reports of usual behavior, which makes CePdSb the most interesting
the magnetic and transport properties reveal the presence edmpound among the famify='” The heat capacity and
many interesting ground states, namely, valence fluctuationhermal expansion of single crystal samples exhibit a very
heavy fermion, Kondo-insulator, and unusual ferro-weak anomaly al (=17.5K), but rather a broad Schottky-
magnetisnt> The stability of the ground state depends onlike peak centered at 10 K. The temperature dependence of
the competition between the on-site single-ion Kondo enthe spontaneous magnetization exhibits a point of inflexion
ergy, Tx, and the intersite RKKY (Ruderman-Kittel- near 10 K, and a rather slow approach to the region of the
Kasuya-Yosidaenergy, Trky : Tk<exd —1/sp(Eg)] and  Curie point'® From the low value of the electronic specific
Trexy*[Jsip(Eg) 1%, where Jg; is the 4 and conduction heat coefficienty= 11 mJ/mole-K and the full magnetic en-
electrons coupling constant apgEg) is the density of states tropy of the doublet ground state &, it has been claimed
of conduction electrons at the Fermi enerdy;.° The  that the Kondo effect does not exist in CePdSBhis view
former stabilizes the nonmagnetic ground state, while thés supported by the temperature independent and strong
latter stabilizes the magnetic ground state. Both effects origig-dependent quasielastic linewidth of neutron scattering in
nate from the antiferromagnet&f exchange couplindss, the paramagnetic staté On the other hand the pressure de-
which depends on the hybridization between conduction angendence of . of CePdSb exhibits an asymmetric maximum
localized 4 states and the position of thé 4tate relative to  (T,=31K at 10 Gpa in the T, vs pressure curv¥. This
the Fermi energy. behavior has been explained quite well by the Doniach phase
Usually Kondo lattices exhibit an antiferromagnetic diagram, which considers the competition between RKKY
ground state at low temperatures, but a handful of comand Kondo interactions for the one-dimensional Kondo-
pounds have been reported to have a ferromagnetic grountecklace model.These results show that the existence of the
state*® Among them are the hexagonal compounds CeTSkondo effect in CePdSb is open to debate at present. Other
with T=Ni, Pd, and Pt that order ferromagnetically at 4 K, interesting behavior has been observed in the small angle
17.5 K, and 4.8 K, respectivefy?'° The magnetic ordering neutron scatteringSANS) measurements on a single crystal
temperature of CePdSb is rather high compared to othesf CePdSH’ SANS reveals that the correlation lendt is
members of the family and also compared to other isostrucfinite betweeriT, and 8 K(¢=84—-417 A in thebc plane and
tural RPdSb(R=Nd, Sm, Eu, and Gdcompounds, all of 40 A in theab plang and diverges to infinity below 8 K10
which order antiferromagnetically. Using de Gennes scal- K) in thebc plane(in theab plane. These results along with
ing andTy=15.5K of GdPdSb, one would expect the order-the heat capacity, magnetization, and thermal expansion in-
ing temperature of CePdSb to be 91 times smaller than thaticate a low-dimensional ferromagnetic ordering between
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T.=17.5K and 10 K in CePdSb. 4.62 T ' 7 ' '
On the other hand isostructural CePtSb shows normal — E

. . . . 4.59 o CePd,_,Pt,Sb E
three-dimensiona(3D) ferromagnetic behavior below 5 K 5 D
with the heat capacity exhibiting a sharp peak at Inelas- ® 46| a o _
tic neutron-scattering studies show well-defined crystal field a
excitations in both the compounds at energies of 28%2) 453 L I L L L L
and 32.1(29.1) meV in CePdSkCePtSh.° The values of the go5 [T T T T T m—
crystal field (CF) parameters areB,’=1.36 (0.74), B,° '
=—0.05 (—0.05), andB,*=0.86 (1.28) meV for CePdSbh o 805 a @ B
(CePtSh.° These sets of CF parameters give a large anisot- ‘: L o @ .
ropy between the basal plane an@xis with the magnetic 7.85 F 7
moment lying in theab plane. This prediction agrees well . , ) , ) )
with the magnetization measurements on single crystals of i 0.2 0.4 06 0.8 1
CePdSb and CePtSh.The susceptibility analysis suggests
that the ferromagnetic exchange interaction alongctlagis X

is much stronger in CePdSh\{=100emu/mole) than in FIG. 1. Lattice parameters, andc, vs Pt concentrationx for

_ 14, .
CePtSb {.=40emu/mole).” It is to be noted that the line-  cepq_,pt,Sb alloys. The error bars are same size as the symbols.
width of the second CF excitation in CePdSb is much larger

than that of the first CF excitation and also compared Withsivity of Si. The relative accuracy of the method was/!
linewidth of the CF excitations in CePtSb. This may be due_ 4 107,

to the symmetry dependence of the hybridization matrix el- 11,4 1215 (y/27=10.19MHz T~%, 1=5/2) and 123Sb
ement of the CF levels with the conduction electrons, ESpe(yn/27r=5.52 MﬁzT—l’ I=7/2) NMR ,measurements were

cially with the d band of the Pd op band of the Sb. This = 7rieq out using a zero-field spin-echo NMR spectrometer

raises the question of the existence of the Kondo effect in, a swept frequency phase-coherent mode, with the sample

CePdSb at high temperatures coming from the second exs a low-Q untuned coil, at 4 K and 1.5 R The natural

cited CF level. This type of behavior has been observed i%bundance of?iSh (1233b) is 57.25(42.75%. Spin echoes

the Iow-c_arrier density compound CeSb, where .the KondQ/vere observed at low applied RF power, due to the enhance-
effect arises from the excited CF levdl,g, while the ment of the RF field by domain wall motion.

ground-statd’,, does not take part in the Kondo efféct.
The resistivity of CePdSb and CePtSbh exhibits quasi-two-
dimensional behavid¥ The absolute value of the Hall- IIl. RESULTS AND DISCUSSION
coefficient of both the compounds is much larger than that of
a typical semimetal suggesting that CePdSb and CePtSb be- . _
long to the low-carrier density systeris. Ou_r XRD studies sht_)w that all the alloys are smgle-phase
In order to understand the low-dimensional ferromagneti¢n@terials and crystallize in the he2><1agonal GaGeli-type
ordering of CePdSh, compared with normal 3D ferromag-Structure with space groupP6smc.”> The hexagonal
netic ordering of CePtSb, we have synthesizedGa_‘GEL"type_ structure is an orderv_ad structure in which there
CePd_,Pt,Sb alloys and investigated them using x-ray dif- exist three different crystallographic sites for the Ce(HRd

fraction, ac susceptibility, heat capacity, thermal expansion@nd Sb atoms. The crystallographic ordering between Pt and
magnetostriction, and zero-field Sb, NMR measurements$b sites in CePtSb has been confirmed through the Rietveld

The results of these studies are presented in this paper. refinement of the powder neutron diffraction datBue to
the ordering between P8t and Sb, the point symmetry of
the Ce site reduces from sixfold to threefold, which gives an
extra term,B,%0,%, in the crystal-field Hamiltonian. The
unit cell of CeTSb compounds can be viewed as two-
The polycrystalline samples of CePdPt,Sb(x=0 to 1)  dimensional hexagonal layers of Ce atoms, sandwiched by
were prepared by the usual arc-melting of stoichiometridhe nets off and Sb atoms along tleaxis. Alternatively this
amounts of the constituents elemefpsrity 4N for Ce, Pd, structure can also be viewed as chains of Ce atoms along the
Pt, and 6N for Spon a water-cooled hearth in an Ar atmo- C axis separated by the zigzag chainsaind Sb atoms. The
sphere. Due to the volatile nature of Sh, about 2 wt% excedgttice parameters, andc, obtained from the positions of the
of Sb was added before the first melting, which compensatediffraction peaks (10%26<90°) are plotted as a function
for Sb losses. Powder x-ray diffractigRD) studies were of Pt composition in Fig. 1. It can be seen from Fig. 1 that
carried out using a Philips diffractometer with ®y; radia-  decreases almost linearly witk, with a rate of da/dx
tion at room temperature. The complex ac susceptibility was= —0.045 A, whilec increases linearly witht, with a rate of
measured in a fieldf® G between 3 and 30 K at a frequency dc/dx~0.174A, a=4.593(5)A: ¢=7.890(7)A for
of 525 Hz using the mutual-inductance method with aCePdSb ané=4.549(8) A,c=8.069(4) A for CePtSb. In
lock-in amplifier. The heat-capacity measurements were peithe hexagonal GaGelLi-type structure the shortest Ce-Ce dis-
formed using the standard heat-pulse method between 2 ténce isc/2 along thec axis. This indicates that going from
and 25 K, at the University of Warwick. Thermal expansionCePdSb to CePtSb the nearest-neighbor Ce-Ce distance
measurements were carried out in a parallel plate capacitanedong thec axis is increased, which may effect the magnetic
cell that had been calibrated using the known thermal exparproperties of the Ce ions. The observed volume change be-

A. XRD and ac susceptibility

Il. EXPERIMENTAL DETAILS
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FIG. 3. Phase diagram of CePgPt,Sb (0<x=<1) alloys ob-
tained from the heat capacity and ac susceptibility measurements.
The ordering temperatur&,. (estimated from ac susceptibilltgs a
16 function of Pt concentratiofsquares The peak position in the heat
capacity as a function of (triangles. The solid and dotted lines are
guides to the eye.

09

0.6 - dynamics of the interacting magnetic momettdhe peak

in the x"(T) is sharper than that iy’ (T), which is due to
the maximum losses ned&y,. Further,xy’(T) exhibits a weak
42 and broad peak at 5 K, compared with the clear peak at 6 K
observed in Ref. 12. The origin of this peak is not clear at
present, but may be related with the onset of the zero-
frequency modes at 6 KT<6 K, no quasi-elastic response
12 in the inelastic neutron-scattering stutfyThe midpoint of
Temperature (K) the rise ofy’(T) givesT.=17.5K for CePdSh, which is in
) S agreement with the heat-capacity data on single-crystal
FIG. 2. Indlljcltllve,)(’(T) gnd d|SS|pat|ve;<”(T) components of CePdSb[see Fig. 2a)]. The y'(T) and x”(T) of CePtSb
the ac susceptibility normalized to the maximumd{T) t_)etween exhibit a sharp rise beto6 K followed by a peak at 4.6 and
;Kfar;d 25 Kl Th(ej tempherature-dgpendgntfheat-capac_lty(ﬂa% 4.5 K, respectively. The peak position i (T) agrees well
ef. 13 is pqtte,, on the secondary-axis for comparison. The -\ i that observed in the heat capadisee Fig. 20)], while
peak at 9.2 K iny”(T) in Fig. 2b) is from the Nb used as tempera- o ) .
ture calibration. the peak iny (T) is at a slightly lower temperature than the
T.. Further, it is to be noted that the heat capacity starts
tween CePdSb and CePtSbh at room temperatura\§yV  rising well aboveT., which may suggest the presence of
~0.31%. In the isostructural and isoelectronic ferromagnetiégnagnetic fluctuations abovk,. As y,{T) does not show a
compounds CeTSKT=Ni, Pd and P, the shortest Ce-Ce clear anomaly abové&., the implication is that the fluctua-
distance is in CePdS(3.945 A), compared to that in CePtSbh tions aboveT, are suppressed by a measuring field of 5 G. A
(4.035 A and CeNiSb(4.151 A). This is greater than the very similar response iy, was observed for other alloys
Hill limit of 3.25-3.4 A, the minimum distance for the direct with x=0.1 to 0.8.
overlap betweer-wave functions to occur, which suggests  Figure 3 shows the ferromagnetic transition temperature,
that the indirect RKKY interaction mediated through con- T of CePd _,Pt,Sb alloys as a function of Pt compositign
duction electrons is responsible for the magnetic ordering oThe T. was determined from the midpoint of the rise of
CeTSb compounds. However, the fact that in these comy’(T). TheT. vs x plot exhibits linear behavior in two dif-
pounds the Ce-Ce distance is shortest for CePdSb suggestsent regions. For Pd-rich alloy§, drops with a rate of
that there may also be a short-range contribution to the mag#T./dx= —14.7 K, while for Pt-rich alloys the rate is
netic exchange leading to the high valueTgffor CePdSb.  dT./dx=—4.2K. As CePtSb exhibits normal ferromagnetic
The T, of CePd_,Pt,Sh alloys was determined from the behavior, we estimated the hypothetidalof CePdSKin its
low-field (5G) ac susceptibility,y,c measurements. Figure 2 normal state, i.e., without anomalous behayioy extrapo-
shows typicaly,{T) signals, inductivey’) and dissipative lating the linear behavior from Pt-rich alloydotted line in
(x"), from CePdSb and CePtSh. For comparison purposeBig. 3). This gives al.=9.1K of CePdSb, which is almost
the heat-capacity results are also plotted on the secondaryhalf the value of the true experimenigl=17.5K, but close
axis. For CePdSb botg’ (T) and x”(T) exhibit a sharp rise to the anomalous behavior observed in the heat cap&:ity
below 19 K, followed by a peak at 15.4 K and 16.86 K, K), thermal expansior(10 K), and small angle neutron-
respectively, which is due to the ferromagnetic ordering ofscattering8—12 K). This suggests that only below 10 K does
the Ce moments. It was shown that the peak position is frethe magnetic state of CePdSb show three-dimensional order,
qguency dependent, which has been attributed to non-trivialvhile betweenT; and 10 K an unusual magnetic state exists.

A ac (arb. units)
|
A
Cy (V/mol K)

0.3
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This unusual state has been attributed to the low-dimensiona 8 4
magnetic ordering®*Further, it is to be noted a large value CePdSb  (a) B=01 CePaso ()
of dT./dx=—-75K has been observed in CePdSh, when 5r I
10% of Pd is replaced by Ri.Rh has one electron less than il
Pd, while Pt is isoelectronic to Pd. This may imply that the Ar
driving forces for the large change @il /dx for Rh substi-

tuted alloys are both volume/lattice parameter and electronic 2
concentration effects, while the, changes in Pt substituted
alloys are mainly due to volume/lattice parameter effect,
which may in turn change the hybridization and hence the
magnetic exchange a% ;= —|Vi|/Ecx, WhereV; is the
hybridization strength ané,, is the energy difference be-
tween the 4 level and Fermi level.

4
x=01 A1
B. Heat capacity 2t ; eSS .
Figures 4a)—(e) show the magnetic contribution of the X0z
(

B | A
T B=8T 42

Single cry.
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CePdy Pty Sb 4 3
CePdy Pty 5Sb

heat capacityCy of CePd_,PtSb alloys as a function of ;’ :
temperature. The heat-capacity data of CeP¢ith poly- 9 o ™
crystalline and single crystallineand CePtSb are taken from .l CePdy gPlg 4Sb CePdgePly,Sb 1 3

Refs. 12 and 13 for completeness. The magnetic contribution @
to the heat capacity of all the alloys, except 1, was ob- g N
tained by subtracting the heat capacity of the reference com=
pound LaAgGe as used in Ref. 12. For CePtSk, was 2t
obtained by subtracting the heat capacity of LaPt3efore E
discussing the heat-capacity behavior of the Pt-substitutec 0
alloys, we will first recapitulate the heat-capacity behavior of

8
CePdSb as discussed in Refs. 12-14. The heat capacity ¢ @
the polycrystalline CePdSb increases gradually with decreas: 6 CePdy (Pl 6Sb

apg (10-6 K-1)

®
CePdy oS 9
ing temperature from 25 K and exhibits a broad maximum at CePdy ,PlogSb
9.7 K, without any clear sign of anomaly @f=17.5K. On af
the other hand for the single crystal sample the heat capacity
exhibits a sharp jump &t followed by a broad maximum at 2t
10.5 K. A very similar behavior has been reported in the
thermal expansion studié$Below 8 K the heat capacity of 0
both the samples exhibits a behavidZ, (T)<AT" exp
(—A/T), whereA is an energy gap in the spin-wave spectrum

andn=3/2 for a ferromagnetic ground state, while- 3 for 6 CePtSo
an antiferromagnetic ground state. The reported valuk isf
4.5 K (with n=1.7) and 6.33 K(with n=1.5), for the poly- 4r

crystalline and single-crystalline samples, respectively.
Further, the heat capacity of the polycrystalline sample has 2r
been fitted to & ~2 law betweenT =14 K and 20 K, which is

characteristic of a magnetic chain. This behavior has beer s 0 2

interpreted as due to the low-dimensional ordefioglering

along c-axis chain of the Ce moments betweeh, and 10 Temperature (K)

K.121% The value of the magnetic entropy at 10 K is about

0.5RIn(2) and reaches a value of Rh(2) at 25 K, which FIG. 4. (a) to (e) the magnetic part of the heat capaciBy, and,

agrees with the entropy of a doublet crystal-field ground(f to j) the magnetic contribution to the linear thermal expansion,
state. a), as a function of temperature for CePdPtSb alloys. Forx

The heat-capacity results for the Pt-substituted alloys arg 0 and 1 alloysey(T) measured in an applied field of 8 T, field

. . . _ . . parallel and perpendicular tol/I, is also plotted. The heat-capacity
summarlze(_:l n Flgs'. (4). (). The dramatlc change m the data of CePdSb, polycrystal and single crystal, is from Refs. 12 and
heat-capacity behavior is observed with Pt composition be: .

) 13 and of CePtSb is from Ref. 13.

tween x=0.4 andx=0.6 alloys: the anomalous peak ob-

served in CePdSb still exists up ¥o=0.4 composition, on  x’, followed by a broad maximum at 8.6 K. In the case of
the other hand for the= 0.6 alloy the heat capacity exhibits x=0.4, the broad peak i€, shifts to a lower temperature,
a sharp peak as predicted in the mean-field theory for th&.44 K and becomes sharper than thosg-e0 and 0.1. The
second-order phase transition. The heat-capacity behavior phase diagramiow-dimensional to 3D orderingbtained as
the x=0.6 alloy is similar to that observed in CePtSb com-a function of Pt composition from the low-temperature peak
pound, see Fig. @). Cy(T) of thex=0.1 alloy exhibits a position in the heat capacity antl.(x,) measurements is
small jump at 15.9 K, which coincides with the sharp rise inshown in Fig. 3. This shows that the low-dimensional mag-



1236 ADROJA, ARMITAGE, RIEDI, LEES, AND PETRENKO PRB 61

netic phase exists for Pt compositior<0.6. The low- identical to that observed for the single crystal of CePdSb for
temperature heat capacity of substituted alloys could be wethe a axis!® This may suggest that they(T) of the x
explained on the basis of magnon excitation with an energy=0.4 alloy is mainly due to a preferred grain orientation in
gap as observed for CePdSb and CePtSk(T)=»T  the polycrystalline sample. In the absence of a pressure study
+AT"®exp(~A/T). For CePtSh the reported value pland  and the single-crystal data afy,(T), it is not possible to

A are 70 mJ/mole-Kand 3.83 K, respecti\./ely'. Further, the  confirm the origin of the anomalous behavior of tg(T).
reported value of entropy forMCePtSb is GRI62 at Tc  Furtheray,(T) of thex=0.6 alloy exhibits a broad positive
=4.7I_< and 0.9RIn2 at 6.8 K. O_ur an_aIyS|s of the heat- peak, which is wider than that & (T), but peaks at the
capacity data gave the values pf(in unit of mJ/mole-K) oo temperature, and negative values at high temperatures.
andA (in unit of K): 12.2 and 5.83 fok=0.1; 17.1 and 5.32 At higher temperaturesy,(T) of x=0.6 alloy exhibits a

for x=0.4; and 50.5 and 5.0 for=0.6 alloys. These values negative valueay (T) of thex=0.8 andx=1 alloys exhibit

show thaty increases, _whlle&_ decreases with increasing Pt a very sharp peak 4t in agreement with the heat capacity.
concentration. In the single-ion Kondo models related to . . :
A comparison of the heat capacity with the thermal ex-

tTk=(N-— R/6v), where : . . . ; .
w?SKt?]Zdzégemnp;;act;rng tk;])g -;IFOUE’]Nd stlezt(ew &hd? ttY(Va (ga;s pansion coefficient gives the information about the electronic
' Gruneisen parametef),=3VBray, /Cy, WhereBy is the

constanf This method gives the very high and unphysical
value of T, =396 K for CePdSh and 62 K for CePtSh, which Pulk modulus. The values aty(T) for x=0, 0.1, 0.6, and
might suggest that the single-ion Kondo model is not appli-1-0 alloys at low temperaturébelowT.) show good scaling
cable to these compounds, even though Taevs P curve relation withCy,(T), using a single-scaling factor. The value
shows good agreement with Doniach’s model. of scaling factor,[Cy(J/mole-K)= ay(1/K) X scaling fac-
The magnetic entropyS,,) was calculated by a smooth tor]is 1.83, 1.75, 4.2 and 0.95¢(10°) for x=0, 0.1, 0.6, and
extrapolation of theC,,(T)/T curve to zero temperature and 1 alloys, respectively. It is to be noted that for the0.1
integrating with respect to temperature. The estimated valuglloy, due to the peak position being at different tempera-
of S, (in units of RIn2) is: 0.3 (at the peak 0.82(at T,  tures inay(T) andCy(T), theay(T) curve was shifted by
=16.05K), 0.92 (at 25 K) for x=0.1; 0.37(at the peak —1.4 K in order to obtain the scaling factor. As the value of
0.74(atT,=11.72K), 0.99(at 25 K) for x=0.4; and 0.5%at By is not known for these alloys, a typical value-flL Mbar
the peak 0.95(at 25 K) for x=0.6. These values are con- was taken for the calculation &.. The estimated vale of
sistent with those observed in CePdSb and CePtSh. The ok is 7.1, 7.5, 3.1, and 13.6 for=0, 0.1, 0.6, and 1 alloys.
servation of full magnetic entropy at 25 K in all the alloys Except for thex=0.6 alloy, the values of), are consider-
indicates the localized nature of 4lectrons. ably larger than the value 1.3 for the nonmagnetic LaAgGe
and 2 for simple metal& Further, the value of), for the
x=0.6 alloy is anomalous among these alloys, but close to
the value for normal metal. The value Qf, for CePdSb has
The magnetic contribution to the coefficient of thermal been measured directly from the measurements of the pres-
expansion &y) of CePd_,PtSb alloys in the temperature sure dependent of the Curie temperatiigeby ac suscepti-
range below 30 K is shown in Figs.(f4—(j). The lattice  bility measurement® The estimated value i$ 14, which is
contribution was subtracted by usingT) of nonmagnetic  consistent with the large value estimated from the heat ca-
LaPtSb, which showed a typical phonon behavior. Thepacity and thermal expansion coefficient measurements.
temperature-dependent behavior @f;(T) of Ce alloys is In order to investigate the effect of a magnetic field on the
almost similar to that observed in the heat capacity, excepd,,(T) behavior, we have measured,(T) in an applied
for alloy x=0.4. Also a(T) of x=0.6 is anomalous com- field of 8 T, applied parallel and perpendicular to the
pared with the alloys at both ends,,(T) of CePdSb exhib- measured-length chang#]/l for CePdSb and CePtSh. Un-
its a weak anomaly &, which is masked by a broad peak der a magnetic field the peak becomes broad, its peak value
centred at 10 K. The height of the peak ®f, decreases in reduced and shifted to a higher temperature. The effect of a
x=0.1 and 0.2 alloys. For the=0.1 alloy the peak position magnetic field is larger in thé_L Al/l direction than in
in ay(T) is slightly higher than that ifCy(T). It is to be  BIlAl/I direction. This behavior of,(T) is completely con-
noted that in the previous studs,(T) exhibited an anomaly sistent with the heat-capacity measurements in an applied
at T, only in the single crystalalong thec axis), but no clear field.}* Further it is to be noted that for CePdSb for the
anomaly was observed in the polycrystalline sampiéghis  BIIAl/I geometry magnetostriction isotherms measured at
suggests that the quality of the present sample is very goodarious temperatures betwe& K and 30 K exhibit negative
On the other handyy(T) of the x=0.4 alloy exhibits en- value ofAl/l, i.e., length decreases with increasing applied
tirely different behavior from the rest of the alloys: a nega-field [Fig. 5a)]. In the ferromagnetic regiobelow 9 K),
tive minimum around 9.5 K and a large positive value at 30with initial increase in field the\l/| decreases rapidly with a
K. The temperature at whichy,(T) exhibits a minimum is large slope and then decreases almost linearly with a smaller
slightly higher than the temperature at whicky(T) exhibits  slope up © 8 T field. The initial decrease ial/l with field
the peak, but is lower than the.=11.7 K. This anomalous has been attributed to the removal of domain walls. A very
behavior ofay(T) would occur ifdT./dP had a negative similar behavior inAl/l with field was also observed for
sign for x=0.4 sinceay(T) then exhibits a negative peak Bl Al/l (below 9 K), but in this geometnyAl/l increases
compared to a positive peak i@y (T) becausedT./dP  with field [Fig. 5b)] rather than decreases with field as ob-
=3VTAay/ACy,, whereV is molar volume. However, served inBllAl/l. An interesting behavior is observed at 9 K
the observed behavior ofy(T) of thex=0.4 alloy is almost  for BL Al/l, after sharp increase with fields<0.3 T) Al/I

C. Thermal expansion
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FIG. 5. (a) Parallel BIIAl/l) and (b) perpendicular BL Al/l)

N N Frequency (MHz)
magnetostriction of CePdSb at various temperatures.

N . . _ . FIG. 6. The Sb NMR spectra from CePgqPtSb(x=0, 0.2 and
decreases with increasing field exhibits a minimum at 3 T,l) alloys at low temperatures.

but at 8 TAl/I has the same value at 0.25 T. It is to be noted
that this temperature is very close to the temperature where
Cwu(T) anday(T) exhibit anomalous behavior. The absenceX=0 and x=1 are well resolved and show the 2I
of the sharp change ial/I at the low-fields region above 9 quadrupole-split lines expected from a site of noncubic sym-
K [see Fig. ®)], may suggest that there is no contribution metry. It is clear from the spectra that the quadrupole split-
arising from the removal of the domain walls. This may im- ting in CePtSb is stronger than that in CePdSb. On the other
ply that in this temperature range ferromagnetic domains dtiand the spectra of=0.2, also ofx=0.1, 0.4, 0.6, 0.8 not
not exist. This agrees witaSR studies, which show that the shown here, show very broad NMR lines without any sign of
damping rate stayed constant with decreasing temperatutgiadrupole-split lines, centred between 25 MHz and 27.5
down to, and through, the onset of ferromagnetic ofé&or  MHz. The broad NMR line is due to disorder between Pt and
both geometried|/I=B? in the paramagnetic region, which Pd atoms. This leads to a range of quadrupole splittings at
is in agreement with the behavior observed for many Cethe Sb nucleus depending on the number of the nearest-
based compounds in their paramagnetic stafhe B> de-  neighbor Pt or Pd atoms. For both CePdSb and CePtSh the
pendence of the magnetostriction could b.e understqod on tfgqgn of the effective field at the Sb nuclewB.§) was shown
basis of the free energy of the system in an applied fieldyy e positive, i.e., parallel to the magnetization, by observ-
which is given by {M).B, where\ is magnetoelastic Cou- g the increase of the NMR frequency in a field of 0.2 T.
pling constant. For the paramagnetic stite: B, hence free In order to analyze the spectrum of CePdSb and CePtSb,
energy and magnetostrictie”. If we apply this simple it yas necessary to go to second order in the expression for
argument in  the ferromagnetic state, then theye frequency because, /v, was found to be 0.1380.15
magn_etost_rlctlonB _at high fields aﬂ\(lesaFconstant _at for 121Sh (1235h) in CePdSb and 0.36.40 in CePtSb. As
the high fields. This agrees well with the observed lineakne single-crystal magnetization data shows that both com-
behavior of the magnetostrlctloq at high fields below 9 K’pounds have their magnetic moment lying in thé easy
but suggests anomalous behavior betw®eK andT¢ for  pjane, we can take the magnetic moment in the ordered state
BLAI/. to be at 90° to the electric field gradient. The fits were made
separately t0'?!Sb and'?Sb spectra at 4.2 K for CePdSb
using the formula from Ref. 26. The calculated values f
Figure 6 shows Sb NMR spectra from CePgPtSb (x  andvg for *#Sb (:#3Sb) were 27.7715.09 MHz, and 3.80
=0, 0.2, and 1 alloys at low temperatures. The spectra of (2.27) MHz, respectively. The ratio of?’SbA?3Sb for v,

D. NMR measurements
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(vg) is 1.845(1.67), which is in excellent agreement with low temperatures, i.e., below the broad peak in the heat ca-
the published values for the NMR of Sb 1.841765).2" pacity. From the heat-capacity and ac susceptibility results a
The lowest frequency satellite lines for CePtSbh were nophase diagram] vs X, has been constructed, which shows

observed, because they were below the working frequencyhat the low-dimensional magnetic phase existsxfai0.6 in
range of our spectrometer, so a complete fit to the spectru@ePd _,Pt Sb alloys. The ac susceptibility results reveal that
was not possible. The best fit was obtained with the values dfor the Pd-rich alloys the rate of decreaseTof with X is
vo and vq 23.66 (12.82 MHz and 8.%5.1) MHz for  almost 3.5 times that for the Pt-rich alloys. The extrapolated
1215h (123sh), respectively, where the same ratio of value of a hypothetical .= 9.1K for CePdSb, from the Pt-
1215pt23sh for vy and v was employed as found for rich alloys, indicates the real 3D ordering temperature is
CePdSh. around 9.1 K in CePdShb, which agrees well with the heat
The effective field B.y) at the Sb nucleus at low tempera- capacity(9.7 K), thermal expansiofi.0 K), and the results of
tures is+2.8 T and+2.3 T for CePdSb and CePtSb, respec-small angle neutron-scattering measuremédisi2 K). The
tively. The small value 0B,y in CePtSh agrees well with the low-temperature heat-capacitff € T;) results of all alloys
small value of saturation magnetic moment;&0.91ug), show an energy gap formation in the anisotropic magnon
compared with fts=1.32ug) in CePdSH* The factor of  dispersion. The entropy gain at 25 K for all alloyssigR In 2,
two change in the electric field gradient between CePdSb anghich supports the localized nature of thé dlectrons.
CePtSb is far larger than would be expected from a point- Thermal expansion results agree with the heat-capacity
charge model, Pt-Sb bond length is 2.649 A in CePtSb comdata for the alloys that are either Pd rich or Pt rich. However,
pared to the Pd-Sb bond length of 2.679 A in CePdSb. Ithe thermal expansion shows anomalous behavior for the al-
must therefore be of electronic origin, most probably arisingoys with x=0.4 and 0.6. The estimated value of the elec-
from thed band of Pt atoms. tronic Grineisen parameter for either end of the alloys is
The spontaneous magnetization, estimated from an Arrofery high compared with that of normal metals. The heat
plot of the magnetization, of CePdSh exhibits a point of in-capacity along with neutron-scattering measurements ruled
flexion near 10 KX° This agrees with the heat-capacity re- out the presence of the Kondo effect in CePdSb. On the other
sults asCy, is proportional todM?/dT. Therefore, it was of hand, the pressure dependence of the Curie temperature of
interest to compare the temperature dependendgpfde- CePdSb has been explained well with Doniach’s model
termined from zero-field NMR measureméfitsvith the  which takes account of the Kondo and RKKY interactions.
magnetization results. HoweveB(T) did not show any These results indicate that the presence of the Kondo effect
indication of the anomaly at 10 K and indeed decreases atia CePdSb is an open question at present. The magnetostric-
slower rate than the spontaneous magnetizadfioNMR, tion measurements on CePdSb also indicated the change in
therefore, shows normal ferromagnetic behavior in CePdSthe magnetic state between 9 and 13 K.
with T.=17.5K. Zero-field spin-echo NMR studies show well-defined 2|
quadrupole split lines both in CePdSb and CePtSb, confirm-
V. CONCLUSIONS ing the ferromagnetic ground state. The effective fiddq]
. . at the Sb nucleus at low temperatureti®.8 T and+2.3 T
In conclusion, we have synthesized CePdPt Sb(0<x and the quadrupole interaction ) for 1215 (123gp) is 3.8
=1) alloys and investigated them using XRD, ac susceptitp 3) MHz and 8.5(5.1) MHz for CePdSb and CePtSb, re-
bility, heat-capacity, thermal expansion, and zero_—fleld St%pectively. The large value of, in CePtSb cannot be ex-
NMR measurements. The heat capacity of the Pd-rich a”oyﬁlained simply on the basis of the shorter bond length be-
shows a very We_ak_ar_wmaly at, but a br(_)ad peak well  wyveen Pt-Si2.649 A in CePtSb and Pd-$8.679 A in
below T, which is similar to that observed in CePdSb. Thecepgsp. The factor of two change in the electric field gradi-
heat capacity of Pt-rich alloys exhibits normal mean-field-gnt petween CePdSb and CePitSb is far larger than would be
type behavior with a sharp peak'Bt. These results reveal a eypected from a point-charge model and must be of elec-

crossover from the low-dimensional ferromagnetic orderingonic origin, most probably arising from the band of Pt
(x<0.4) to normal three-dimensionak#0.6) ferromag- stoms.

netic ordering with Pt concentration in CeP¢Pt Sb alloys.

The ferromagnetic ordering of CePdSb just belbwis char-

acterized by low-dimensional-type ordering, most probably ACKNOWLEDGMENTS
one-dimensional-type ordering of Ce chains alongdlagis,

with moments lying in theb plane. This has been supported = We gratefully acknowledge the support of the Engineer-
by thermal expansion measurements on a CePdSh singieg and Physical Science Research CoufEPSRQ of the
crystal, which shows an anomaly &t only along thec UK. We acknowledge B. D. Rainford for informative discus-
axis!® The real three-dimensional ordering take places asion.
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