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Crossover from low-dimensional to three-dimensional ferromagnetism in CePd12xPtxSb alloys
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The hexagonal material CePdSb exhibits low-dimensional ferromagnetism withTc517.5, while isostruc-
tural CePtSb shows normal three-dimensional ferromagnetism withTc54.8 K. To understand the low-
dimensional ferromagnetic ordering of CePdSb we have investigated CePd12xPtxSb alloys, using ac suscepti-
bility, heat capacity, thermal expansion, and zero-field spin-echo NMR measurements. The ac susceptibility
shows that theTc 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 anomalous (x<0.4) to normal (x>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 (x<0.2) or Pt rich (x>0.8). However, the thermal expansion shows
anomalous behavior for the alloysx50.4 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 CePd12xPtxSb alloys has been proposed. Low power zero-field Sb spin-echo NMR studies show
well-defined quadrupole split NMR spectra in both CePdSb and CePtSb, confirming the ferromagnetic ground
state. Only a very broad NMR signal has been observed in the substituted alloys of CePd12xPtxSb (0.1<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 CePtSb~CePdSb! is 12.3 T ~12.8 T! and the quadrupole splitting 8.5
and 5.1 MHz~3.8 and 2.3 MHz! for 121Sb and123Sb, respectively.
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I. INTRODUCTION

There has been considerable interest recently in the
nary equiatomic compounds of the type CeTX, whereT is a
transition metal atom andX is a metalloid atom. Reports o
the magnetic and transport properties reveal the presenc
many interesting ground states, namely, valence fluctuat
heavy fermion, Kondo-insulator, and unusual ferr
magnetism.1–5 The stability of the ground state depends
the competition between the on-site single-ion Kondo
ergy, TK , and the intersite RKKY ~Ruderman-Kittel-
Kasuya-Yosida! energy,TRKKY :TK}exp@21/Js fr(EF)# and
TRKKY}@Js fr(EF)#2, where Js f is the 4f and conduction
electrons coupling constant andr(EF) is the density of states
of conduction electrons at the Fermi energy,EF .6 The
former stabilizes the nonmagnetic ground state, while
latter stabilizes the magnetic ground state. Both effects or
nate from the antiferromagnetics- f exchange couplingJs f ,
which depends on the hybridization between conduction
localized 4f states and the position of the 4f state relative to
the Fermi energy.7

Usually Kondo lattices exhibit an antiferromagne
ground state at low temperatures, but a handful of co
pounds have been reported to have a ferromagnetic gro
state.4,8 Among them are the hexagonal compounds CeT
with T5Ni, Pd, and Pt that order ferromagnetically at 4
17.5 K, and 4.8 K, respectively.4,9,10 The magnetic ordering
temperature of CePdSb is rather high compared to o
members of the family and also compared to other isost
tural RPdSb~R5Nd, Sm, Eu, and Gd! compounds, all of
which order antiferromagnetically.11 Using de Gennes sca
ing andTN515.5 K of GdPdSb, one would expect the orde
ing temperature of CePdSb to be 91 times smaller than
PRB 610163-1829/2000/61~2!/1232~8!/$15.00
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of GdPdSb, which is not the case. This suggests that
magnetic ordering temperature of CePdSb is anomalous.
heat capacity, thermal expansion, spontaneous magne
tion, and small angle neutron-scattering studies show
usual behavior, which makes CePdSb the most interes
compound among the family.12–17 The heat capacity and
thermal expansion of single crystal samples exhibit a v
weak anomaly atTc (517.5 K), but rather a broad Schottky
like peak centered at 10 K. The temperature dependenc
the spontaneous magnetization exhibits a point of inflex
near 10 K, and a rather slow approach to the region of
Curie point.16 From the low value of the electronic specifi
heat coefficient,g511 mJ/mole-K2 and the full magnetic en-
tropy of the doublet ground state atTc , it has been claimed
that the Kondo effect does not exist in CePdSb.12 This view
is supported by the temperature independent and str
q-dependent quasielastic linewidth of neutron scattering
the paramagnetic state.16 On the other hand the pressure d
pendence ofTc of CePdSb exhibits an asymmetric maximu
~Tc531 K at 10 Gpa! in the Tc vs pressure curve.18 This
behavior has been explained quite well by the Doniach ph
diagram, which considers the competition between RKK
and Kondo interactions for the one-dimensional Kond
necklace model.7 These results show that the existence of
Kondo effect in CePdSb is open to debate at present. O
interesting behavior has been observed in the small a
neutron scattering~SANS! measurements on a single cryst
of CePdSb.17 SANS reveals that the correlation length~j! is
finite betweenTc and 8 K~j584– 417 Å in thebc plane and
40 Å in theab plane! and diverges to infinity below 8 K~10
K! in thebc plane~in theab plane!. These results along with
the heat capacity, magnetization, and thermal expansion
dicate a low-dimensional ferromagnetic ordering betwe
1232 ©2000 The American Physical Society



m

el

so

ll
s
ts

-
ge
it
u
e
p

t
e

d

o
-
t o

b

ti
g
e
if-
io
nt

tri

o-
e
te

a
y
a

pe
2
on
an
a

e
ter
ple

ce-

se
pe

ere

and
veld

f
an

o-
by

the

e

t

dis-

ance
tic
be-

ols.

PRB 61 1233CROSSOVER FROM LOW-DIMENSIONAL TO THREE- . . .
Tc517.5 K and 10 K in CePdSb.
On the other hand isostructural CePtSb shows nor

three-dimensional~3D! ferromagnetic behavior below 5 K
with the heat capacity exhibiting a sharp peak atTc . Inelas-
tic neutron-scattering studies show well-defined crystal fi
excitations in both the compounds at energies of 26.5~25.2!
and 32.1~29.1! meV in CePdSb~CePtSb!.9 The values of the
crystal field ~CF! parameters areB2

051.36 (0.74), B4
0

520.05 (20.05), andB4
350.86 (1.28) meV for CePdSb

~CePtSb!.9 These sets of CF parameters give a large ani
ropy between the basal plane andc axis with the magnetic
moment lying in theab plane. This prediction agrees we
with the magnetization measurements on single crystal
CePdSb and CePtSb.14 The susceptibility analysis sugges
that the ferromagnetic exchange interaction along thec axis
is much stronger in CePdSb (lc5100 emu/mole) than in
CePtSb (lc540 emu/mole).14 It is to be noted that the line
width of the second CF excitation in CePdSb is much lar
than that of the first CF excitation and also compared w
linewidth of the CF excitations in CePtSb. This may be d
to the symmetry dependence of the hybridization matrix
ement of the CF levels with the conduction electrons, es
cially with the d band of the Pd orp band of the Sb. This
raises the question of the existence of the Kondo effec
CePdSb at high temperatures coming from the second
cited CF level. This type of behavior has been observed
the low-carrier density compound CeSb, where the Kon
effect arises from the excited CF level,G8 , while the
ground-stateG7 , does not take part in the Kondo effect.19

The resistivity of CePdSb and CePtSb exhibits quasi-tw
dimensional behavior.14 The absolute value of the Hall
coefficient of both the compounds is much larger than tha
a typical semimetal suggesting that CePdSb and CePtSb
long to the low-carrier density systems.14

In order to understand the low-dimensional ferromagne
ordering of CePdSb, compared with normal 3D ferroma
netic ordering of CePtSb, we have synthesiz
CePd12xPtxSb alloys and investigated them using x-ray d
fraction, ac susceptibility, heat capacity, thermal expans
magnetostriction, and zero-field Sb, NMR measureme
The results of these studies are presented in this paper.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of CePd12xPtxSb ~x50 to 1!
were prepared by the usual arc-melting of stoichiome
amounts of the constituents elements~purity 4N for Ce, Pd,
Pt, and 6N for Sb! on a water-cooled hearth in an Ar atm
sphere. Due to the volatile nature of Sb, about 2 wt% exc
of Sb was added before the first melting, which compensa
for Sb losses. Powder x-ray diffraction~XRD! studies were
carried out using a Philips diffractometer with Cu-Ka radia-
tion at room temperature. The complex ac susceptibility w
measured in a field of 5 G between 3 and 30 K at a frequenc
of 525 Hz using the mutual-inductance method with
lock-in amplifier. The heat-capacity measurements were
formed using the standard heat-pulse method between
and 25 K, at the University of Warwick. Thermal expansi
measurements were carried out in a parallel plate capacit
cell that had been calibrated using the known thermal exp
al
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sivity of Si. The relative accuracy of the method was,D l / l
'131027.

The 121Sb ~gn/2p510.19 MHz T21, I 55/2! and 123Sb
~gn/2p55.52 MHz T21, I 57/2! NMR measurements wer
carried out using a zero-field spin-echo NMR spectrome
in a swept frequency phase-coherent mode, with the sam
in a low-Q untuned coil, at 4 K and 1.5 K.20 The natural
abundance of121Sb (123Sb) is 57.25~42.75!%. Spin echoes
were observed at low applied RF power, due to the enhan
ment of the RF field by domain wall motion.

III. RESULTS AND DISCUSSION

A. XRD and ac susceptibility

Our XRD studies show that all the alloys are single-pha
materials and crystallize in the hexagonal GaGeLi-ty
structure with space groupP63mc.21 The hexagonal
GaGeLi-type structure is an ordered structure in which th
exist three different crystallographic sites for the Ce, Pd~Pt!,
and Sb atoms. The crystallographic ordering between Pt
Sb sites in CePtSb has been confirmed through the Riet
refinement of the powder neutron diffraction data.9 Due to
the ordering between Pd~Pt! and Sb, the point symmetry o
the Ce site reduces from sixfold to threefold, which gives
extra term,B4

3O4
3, in the crystal-field Hamiltonian. The

unit cell of CeTSb compounds can be viewed as tw
dimensional hexagonal layers of Ce atoms, sandwiched
the nets ofT and Sb atoms along thec axis. Alternatively this
structure can also be viewed as chains of Ce atoms along
c axis separated by the zigzag chains ofT and Sb atoms. The
lattice parameters,a andc, obtained from the positions of th
diffraction peaks (10°<2u<90°) are plotted as a function
of Pt composition in Fig. 1. It can be seen from Fig. 1 thaa
decreases almost linearly withx, with a rate of da/dx
'20.045 Å, whilec increases linearly withx, with a rate of
dc/dx'0.174 Å, a54.593(5) Å: c57.890(7) Å for
CePdSb anda54.549(8) Å, c58.069(4) Å for CePtSb. In
the hexagonal GaGeLi-type structure the shortest Ce-Ce
tance isc/2 along thec axis. This indicates that going from
CePdSb to CePtSb the nearest-neighbor Ce-Ce dist
along thec axis is increased, which may effect the magne
properties of the Ce ions. The observed volume change

FIG. 1. Lattice parameters,a and c, vs Pt concentration,x for
CePd12xPtxSb alloys. The error bars are same size as the symb
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1234 PRB 61ADROJA, ARMITAGE, RIEDI, LEES, AND PETRENKO
tween CePdSb and CePtSb at room temperature is,DV/V
'0.31%. In the isostructural and isoelectronic ferromagn
compounds CeTSb~T5Ni, Pd and Pt!, the shortest Ce-Ce
distance is in CePdSb~3.945 Å!, compared to that in CePtS
~4.035 Å! and CeNiSb~4.151 Å!. This is greater than the
Hill limit of 3.25–3.4 Å, the minimum distance for the direc
overlap betweenf-wave functions to occur, which sugges
that the indirect RKKY interaction mediated through co
duction electrons is responsible for the magnetic ordering
CeTSb compounds. However, the fact that in these c
pounds the Ce-Ce distance is shortest for CePdSb sug
that there may also be a short-range contribution to the m
netic exchange leading to the high value ofTc for CePdSb.

The Tc of CePd12xPtxSb alloys was determined from th
low-field ~5G! ac susceptibility,xac measurements. Figure
shows typicalxac(T) signals, inductive~x8! and dissipative
(x9), from CePdSb and CePtSb. For comparison purpo
the heat-capacity results are also plotted on the seconday
axis. For CePdSb bothx8(T) andx9(T) exhibit a sharp rise
below 19 K, followed by a peak at 15.4 K and 16.86
respectively, which is due to the ferromagnetic ordering
the Ce moments. It was shown that the peak position is
quency dependent, which has been attributed to non-tri

FIG. 2. Inductive,x8(T) and dissipative,x9(T) components of
the ac susceptibility normalized to the maximum ofx8(T) between
3 K and 25 K. The temperature-dependent heat-capacity data~from
Ref. 13! is plotted on the secondaryy-axis for comparison. The
peak at 9.2 K inx9(T) in Fig. 2~b! is from the Nb used as tempera
ture calibration.
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dynamics of the interacting magnetic moments.12 The peak
in the x9(T) is sharper than that inx8(T), which is due to
the maximum losses nearTc . Further,x8(T) exhibits a weak
and broad peak at 5 K, compared with the clear peak at
observed in Ref. 12. The origin of this peak is not clear
present, but may be related with the onset of the ze
frequency modes at 6 K~T<6 K, no quasi-elastic response!
in the inelastic neutron-scattering study.16 The midpoint of
the rise ofx8(T) givesTc517.5 K for CePdSb, which is in
agreement with the heat-capacity data on single-cry
CePdSb@see Fig. 2~a!#. The x8(T) and x9(T) of CePtSb
exhibit a sharp rise below 6 K followed by a peak at 4.6 and
4.5 K, respectively. The peak position inx8(T) agrees well
with that observed in the heat capacity@see Fig. 2~b!#, while
the peak inx9(T) is at a slightly lower temperature than th
Tc . Further, it is to be noted that the heat capacity sta
rising well aboveTc , which may suggest the presence
magnetic fluctuations aboveTc . As xac(T) does not show a
clear anomaly aboveTc , the implication is that the fluctua
tions aboveTc are suppressed by a measuring field of 5 G
very similar response inxac was observed for other alloy
with x50.1 to 0.8.

Figure 3 shows the ferromagnetic transition temperatu
Tc of CePd12xPtxSb alloys as a function of Pt compositionx.
The Tc was determined from the midpoint of the rise
x8(T). TheTc vs x plot exhibits linear behavior in two dif-
ferent regions. For Pd-rich alloysTc drops with a rate of
dTc /dx5214.7 K, while for Pt-rich alloys the rate is
dTc /dx524.2 K. As CePtSb exhibits normal ferromagne
behavior, we estimated the hypotheticalTc of CePdSb~in its
normal state, i.e., without anomalous behavior! by extrapo-
lating the linear behavior from Pt-rich alloys~dotted line in
Fig. 3!. This gives aTc59.1 K of CePdSb, which is almos
half the value of the true experimentalTc517.5 K, but close
to the anomalous behavior observed in the heat capacity~9.7
K!, thermal expansion~10 K!, and small angle neutron
scattering~8–12 K!. This suggests that only below 10 K doe
the magnetic state of CePdSb show three-dimensional or
while betweenTc and 10 K an unusual magnetic state exis

FIG. 3. Phase diagram of CePd12xPtxSb (0<x<1) alloys ob-
tained from the heat capacity and ac susceptibility measureme
The ordering temperature,Tc ~estimated from ac susceptibility! as a
function of Pt concentration~squares!. The peak position in the hea
capacity as a function ofx ~triangles!. The solid and dotted lines ar
guides to the eye.
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PRB 61 1235CROSSOVER FROM LOW-DIMENSIONAL TO THREE- . . .
This unusual state has been attributed to the low-dimensi
magnetic ordering.12,14Further, it is to be noted a large valu
of dTc /dx5275 K has been observed in CePdSb, wh
10% of Pd is replaced by Rh.22 Rh has one electron less tha
Pd, while Pt is isoelectronic to Pd. This may imply that t
driving forces for the large change indTc /dx for Rh substi-
tuted alloys are both volume/lattice parameter and electro
concentration effects, while theTc changes in Pt substitute
alloys are mainly due to volume/lattice parameter effe
which may in turn change the hybridization and hence
magnetic exchange asJs f52uVs fu/Eex , where Vs f is the
hybridization strength andEex is the energy difference be
tween the 4f level and Fermi level.

B. Heat capacity

Figures 4~a!–~e! show the magnetic contribution of th
heat capacity,CM of CePd12xPtxSb alloys as a function o
temperature. The heat-capacity data of CePdSb~both poly-
crystalline and single crystalline! and CePtSb are taken from
Refs. 12 and 13 for completeness. The magnetic contribu
to the heat capacity of all the alloys, exceptx51, was ob-
tained by subtracting the heat capacity of the reference c
pound LaAgGe as used in Ref. 12. For CePtSb,CM was
obtained by subtracting the heat capacity of LaPtSb.13 Before
discussing the heat-capacity behavior of the Pt-substitu
alloys, we will first recapitulate the heat-capacity behavior
CePdSb as discussed in Refs. 12–14. The heat capaci
the polycrystalline CePdSb increases gradually with decr
ing temperature from 25 K and exhibits a broad maximum
9.7 K, without any clear sign of anomaly atTc517.5 K. On
the other hand for the single crystal sample the heat capa
exhibits a sharp jump atTc followed by a broad maximum a
10.5 K. A very similar behavior has been reported in t
thermal expansion studies.15 Below 8 K the heat capacity o
both the samples exhibits a behavior,CM(T)}ATn exp
(2D/T), whereD is an energy gap in the spin-wave spectru
andn53/2 for a ferromagnetic ground state, whilen53 for
an antiferromagnetic ground state. The reported value ofD is
4.5 K ~with n51.7! and 6.33 K~with n51.5!, for the poly-
crystalline and single-crystalline samples, respectively.12,14

Further, the heat capacity of the polycrystalline sample
been fitted to aT22 law betweenT>14 K and 20 K, which is
characteristic of a magnetic chain. This behavior has b
interpreted as due to the low-dimensional ordering~ordering
along c-axis chain! of the Ce moments betweenTc and 10
K.12,14 The value of the magnetic entropy at 10 K is abo
0.5R ln(2) and reaches a value of 1.2R ln(2) at 25 K, which
agrees with the entropy of a doublet crystal-field grou
state.

The heat-capacity results for the Pt-substituted alloys
summarized in Figs. 4~a!–~e!. The dramatic change in th
heat-capacity behavior is observed with Pt composition
tween x50.4 andx50.6 alloys: the anomalous peak o
served in CePdSb still exists up tox50.4 composition, on
the other hand for thex50.6 alloy the heat capacity exhibit
a sharp peak as predicted in the mean-field theory for
second-order phase transition. The heat-capacity behavi
the x50.6 alloy is similar to that observed in CePtSb co
pound, see Fig. 4~e!. CM(T) of the x50.1 alloy exhibits a
small jump at 15.9 K, which coincides with the sharp rise
al
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x8, followed by a broad maximum at 8.6 K. In the case
x50.4, the broad peak inCM shifts to a lower temperature
7.44 K and becomes sharper than those ofx50 and 0.1. The
phase diagram~low-dimensional to 3D ordering! obtained as
a function of Pt composition from the low-temperature pe
position in the heat capacity andTc(xac) measurements is
shown in Fig. 3. This shows that the low-dimensional ma

FIG. 4. ~a! to ~e! the magnetic part of the heat capacity,CM and,
~f to j! the magnetic contribution to the linear thermal expansi
aM as a function of temperature for CePd12xPtxSb alloys. Forx
50 and 1 alloysaM(T) measured in an applied field of 8 T, fiel
parallel and perpendicular toD l / l , is also plotted. The heat-capacit
data of CePdSb, polycrystal and single crystal, is from Refs. 12
13 and of CePtSb is from Ref. 13.
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netic phase exists for Pt composition,x,0.6. The low-
temperature heat capacity of substituted alloys could be
explained on the basis of magnon excitation with an ene
gap as observed for CePdSb and CePtSb,CM(T)5gT
1AT1.5exp(2D/T). For CePtSb the reported value ofg and
D are 70 mJ/mole-K2 and 3.83 K, respectively.14 Further, the
reported value of entropy for CePtSb is 0.76R ln 2 at Tc
54.7 K and 0.97R ln 2 at 6.8 K.14 Our analysis of the heat
capacity data gave the values ofg ~in unit of mJ/mole-K2!
andD ~in unit of K!: 12.2 and 5.83 forx50.1; 17.1 and 5.32
for x50.4; and 50.5 and 5.0 forx50.6 alloys. These value
show thatg increases, whileD decreases with increasing P
concentration. In the single-ion Kondo modelg is related to
the Kondo temperatureTK by: TK5(N21)(pR/6g), where
N is the degeneracy of the ground state, andR is the gas
constant.6 This method gives the very high and unphysic
value ofTK5396 K for CePdSb and 62 K for CePtSb, whic
might suggest that the single-ion Kondo model is not ap
cable to these compounds, even though theTc vs P curve
shows good agreement with Doniach’s model.

The magnetic entropy (Sm) was calculated by a smoot
extrapolation of theCM(T)/T curve to zero temperature an
integrating with respect to temperature. The estimated va
of Sm ~in units of R ln 2! is: 0.3 ~at the peak!, 0.82 ~at Tc
516.05 K!, 0.92 ~at 25 K! for x50.1; 0.37 ~at the peak!,
0.74~at Tc511.72 K!, 0.99~at 25 K! for x50.4; and 0.51~at
the peak!, 0.95 ~at 25 K! for x50.6. These values are con
sistent with those observed in CePdSb and CePtSb. The
servation of full magnetic entropy at 25 K in all the alloy
indicates the localized nature of 4f electrons.

C. Thermal expansion

The magnetic contribution to the coefficient of therm
expansion (aM) of CePd12xPtxSb alloys in the temperatur
range below 30 K is shown in Figs. 4~f!–~j!. The lattice
contribution was subtracted by usinga(T) of nonmagnetic
LaPtSb, which showed a typical phonon behavior. T
temperature-dependent behavior ofaM(T) of Ce alloys is
almost similar to that observed in the heat capacity, exc
for alloy x50.4. AlsoaM(T) of x50.6 is anomalous com
pared with the alloys at both ends.aM(T) of CePdSb exhib-
its a weak anomaly atTc , which is masked by a broad pea
centred at 10 K. The height of the peak ofaM decreases in
x50.1 and 0.2 alloys. For thex50.1 alloy the peak position
in aM(T) is slightly higher than that inCM(T). It is to be
noted that in the previous studyaM(T) exhibited an anomaly
at Tc only in the single crystal~along thec axis!, but no clear
anomaly was observed in the polycrystalline samples.15 This
suggests that the quality of the present sample is very g
On the other handaM(T) of the x50.4 alloy exhibits en-
tirely different behavior from the rest of the alloys: a neg
tive minimum around 9.5 K and a large positive value at
K. The temperature at whichaM(T) exhibits a minimum is
slightly higher than the temperature at whichCM(T) exhibits
the peak, but is lower than theTc511.7 K. This anomalous
behavior ofaM(T) would occur if dTc /dP had a negative
sign for x50.4 sinceaM(T) then exhibits a negative pea
compared to a positive peak inCM(T) becausedTc /dP
53VTcDaM /DCM , where V is molar volume. However
the observed behavior ofaM(T) of thex50.4 alloy is almost
ll
y

l

i-

e

b-

l

e

pt

d.

-
0

identical to that observed for the single crystal of CePdSb
the a axis.15 This may suggest that theaM(T) of the x
50.4 alloy is mainly due to a preferred grain orientation
the polycrystalline sample. In the absence of a pressure s
and the single-crystal data ofaM(T), it is not possible to
confirm the origin of the anomalous behavior of theaM(T).
FurtheraM(T) of the x50.6 alloy exhibits a broad positive
peak, which is wider than that ofCM(T), but peaks at the
same temperature, and negative values at high temperat
At higher temperaturesaM(T) of x50.6 alloy exhibits a
negative value.aM(T) of thex50.8 andx51 alloys exhibit
a very sharp peak atTc in agreement with the heat capacit

A comparison of the heat capacity with the thermal e
pansion coefficient gives the information about the electro
Grüneisen parameter,Ve53VBTaM /CM , whereBT is the
bulk modulus. The values ofaM(T) for x50, 0.1, 0.6, and
1.0 alloys at low temperatures~belowTc! show good scaling
relation withCM(T), using a single-scaling factor. The valu
of scaling factor,@CM(J/mole-K)5aM(1/K)3scaling fac-
tor# is 1.83, 1.75, 4.2 and 0.95 (3106) for x50, 0.1, 0.6, and
1 alloys, respectively. It is to be noted that for thex50.1
alloy, due to the peak position being at different tempe
tures inaM(T) andCM(T), theaM(T) curve was shifted by
21.4 K in order to obtain the scaling factor. As the value
BT is not known for these alloys, a typical value of'1 Mbar
was taken for the calculation ofVe . The estimated vale o
Ve is 7.1, 7.5, 3.1, and 13.6 forx50, 0.1, 0.6, and 1 alloys
Except for thex50.6 alloy, the values ofVe are consider-
ably larger than the value 1.3 for the nonmagnetic LaAg
and 2 for simple metals.24 Further, the value ofVe for the
x50.6 alloy is anomalous among these alloys, but close
the value for normal metal. The value ofVe for CePdSb has
been measured directly from the measurements of the p
sure dependent of the Curie temperatureTc by ac suscepti-
bility measurements.25 The estimated value is114, which is
consistent with the large value estimated from the heat
pacity and thermal expansion coefficient measurements.

In order to investigate the effect of a magnetic field on t
aM(T) behavior, we have measuredaM(T) in an applied
field of 8 T, applied parallel and perpendicular to th
measured-length change,D l / l for CePdSb and CePtSb. Un
der a magnetic field the peak becomes broad, its peak v
reduced and shifted to a higher temperature. The effect
magnetic field is larger in theB'D l / l direction than in
BiD l / l direction. This behavior ofaM(T) is completely con-
sistent with the heat-capacity measurements in an app
field.14 Further it is to be noted that for CePdSb for th
BiD l / l geometry magnetostriction isotherms measured
various temperatures between 2 K and 30 K exhibit negative
value ofD l / l , i.e., length decreases with increasing appl
field @Fig. 5~a!#. In the ferromagnetic region~below 9 K!,
with initial increase in field theD l / l decreases rapidly with a
large slope and then decreases almost linearly with a sm
slope up to 8 T field. The initial decrease inD l / l with field
has been attributed to the removal of domain walls. A ve
similar behavior inD l / l with field was also observed fo
B'D l / l ~below 9 K!, but in this geometryD l / l increases
with field @Fig. 5~b!# rather than decreases with field as o
served inBiD l / l . An interesting behavior is observed at 9
for B'D l / l , after sharp increase with fields~,0.3 T! D l / l
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decreases with increasing field exhibits a minimum at 3
but at 8 TD l / l has the same value at 0.25 T. It is to be no
that this temperature is very close to the temperature wh
CM(T) andaM(T) exhibit anomalous behavior. The absen
of the sharp change inD l / l at the low-fields region above
K @see Fig. 5~b!#, may suggest that there is no contributio
arising from the removal of the domain walls. This may im
ply that in this temperature range ferromagnetic domains
not exist. This agrees withmSR studies, which show that th
damping rate stayed constant with decreasing tempera
down to, and through, the onset of ferromagnetic order.16 For
both geometriesD l / l}B2 in the paramagnetic region, whic
is in agreement with the behavior observed for many C
based compounds in their paramagnetic state.23 The B2 de-
pendence of the magnetostriction could be understood on
basis of the free energy of the system in an applied fie
which is given by (lM ).B, wherel is magnetoelastic cou
pling constant. For the paramagnetic stateM}B, hence free
energy and magnetostriction}B2. If we apply this simple
argument in the ferromagnetic state, then t
magnetostriction}B at high fields asM5M sat5constant at
the high fields. This agrees well with the observed line
behavior of the magnetostriction at high fields below 9
but suggests anomalous behavior between 9 K and Tc for
B'D l / l .

D. NMR measurements

Figure 6 shows Sb NMR spectra from CePd12xPtxSb ~x
50, 0.2, and 1! alloys at low temperatures. The spectra

FIG. 5. ~a! Parallel (BiD l / l ) and ~b! perpendicular (B'D l / l )
magnetostriction of CePdSb at various temperatures.
,
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x50 and x51 are well resolved and show the 2
quadrupole-split lines expected from a site of noncubic sy
metry. It is clear from the spectra that the quadrupole sp
ting in CePtSb is stronger than that in CePdSb. On the o
hand the spectra ofx50.2, also ofx50.1, 0.4, 0.6, 0.8 not
shown here, show very broad NMR lines without any sign
quadrupole-split lines, centred between 25 MHz and 2
MHz. The broad NMR line is due to disorder between Pt a
Pd atoms. This leads to a range of quadrupole splitting
the Sb nucleus depending on the number of the near
neighbor Pt or Pd atoms. For both CePdSb and CePtSb
sign of the effective field at the Sb nucleus (Beff) was shown
to be positive, i.e., parallel to the magnetization, by obse
ing the increase of the NMR frequency in a field of 0.2 T

In order to analyze the spectrum of CePdSb and CeP
it was necessary to go to second order in the expression
the frequency becausevQ /v0 was found to be 0.135~0.15!
for 121Sb ~ 123Sb! in CePdSb and 0.36~0.40! in CePtSb. As
the single-crystal magnetization data shows that both c
pounds have their magnetic moment lying in thea-b easy
plane, we can take the magnetic moment in the ordered s
to be at 90° to the electric field gradient. The fits were ma
separately to121Sb and123Sb spectra at 4.2 K for CePdS
using the formula from Ref. 26. The calculated values ofv0
andvQ for 121Sb (123Sb) were 27.77~15.05! MHz, and 3.80
~2.27! MHz, respectively. The ratio of121Sb/123Sb for v0

FIG. 6. The Sb NMR spectra from CePd12xPtxSb~x50, 0.2 and
1! alloys at low temperatures.
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(vQ) is 1.845~1.67!, which is in excellent agreement wit
the published values for the NMR of Sb 1.847~1.65!.27

The lowest frequency satellite lines for CePtSb were
observed, because they were below the working freque
range of our spectrometer, so a complete fit to the spect
was not possible. The best fit was obtained with the value
v0 and vQ 23.66 ~12.82! MHz and 8.5~5.1! MHz for
121Sb~123Sb!, respectively, where the same ratio
121Sb/123Sb for v0 and vQ was employed as found fo
CePdSb.

The effective field (Beff) at the Sb nucleus at low temper
tures is12.8 T and12.3 T for CePdSb and CePtSb, respe
tively. The small value ofBeff in CePtSb agrees well with th
small value of saturation magnetic moment (ms50.91mB),
compared with (ms51.32mB) in CePdSb.14 The factor of
two change in the electric field gradient between CePdSb
CePtSb is far larger than would be expected from a po
charge model, Pt-Sb bond length is 2.649 Å in CePtSb c
pared to the Pd-Sb bond length of 2.679 Å in CePdSb
must therefore be of electronic origin, most probably aris
from thed band of Pt atoms.

The spontaneous magnetization, estimated from an Ar
plot of the magnetization, of CePdSb exhibits a point of
flexion near 10 K.16 This agrees with the heat-capacity r
sults asCM is proportional todM2/dT. Therefore, it was of
interest to compare the temperature dependence ofBeff de-
termined from zero-field NMR measurements28 with the
magnetization results. However,Beff(T) did not show any
indication of the anomaly at 10 K and indeed decreases
slower rate than the spontaneous magnetization.16 NMR,
therefore, shows normal ferromagnetic behavior in CeP
with Tc517.5 K.

IV. CONCLUSIONS

In conclusion, we have synthesized CePd12xPtxSb(0<x
<1) alloys and investigated them using XRD, ac susce
bility, heat-capacity, thermal expansion, and zero-field
NMR measurements. The heat capacity of the Pd-rich all
shows a very weak anomaly atTc , but a broad peak wel
below Tc , which is similar to that observed in CePdSb. T
heat capacity of Pt-rich alloys exhibits normal mean-fie
type behavior with a sharp peak atTc . These results reveal
crossover from the low-dimensional ferromagnetic order
(x<0.4) to normal three-dimensional (x>0.6) ferromag-
netic ordering with Pt concentration in CePd12xPtxSb alloys.
The ferromagnetic ordering of CePdSb just belowTc is char-
acterized by low-dimensional-type ordering, most proba
one-dimensional-type ordering of Ce chains along thec axis,
with moments lying in theab plane. This has been supporte
by thermal expansion measurements on a CePdSb s
crystal, which shows an anomaly atTc only along thec
axis.15 The real three-dimensional ordering take places
t
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low temperatures, i.e., below the broad peak in the heat
pacity. From the heat-capacity and ac susceptibility resul
phase diagram,T vs x, has been constructed, which show
that the low-dimensional magnetic phase exists forx,0.6 in
CePd12xPtxSb alloys. The ac susceptibility results reveal th
for the Pd-rich alloys the rate of decrease ofTc with x is
almost 3.5 times that for the Pt-rich alloys. The extrapola
value of a hypotheticalTc59.1 K for CePdSb, from the Pt
rich alloys, indicates the real 3D ordering temperature
around 9.1 K in CePdSb, which agrees well with the h
capacity~9.7 K!, thermal expansion~10 K!, and the results of
small angle neutron-scattering measurements~8–12 K!. The
low-temperature heat-capacity (T,Tc) results of all alloys
show an energy gap formation in the anisotropic magn
dispersion. The entropy gain at 25 K for all alloys is'R ln 2,
which supports the localized nature of the 4f electrons.

Thermal expansion results agree with the heat-capa
data for the alloys that are either Pd rich or Pt rich. Howev
the thermal expansion shows anomalous behavior for the
loys with x50.4 and 0.6. The estimated value of the ele
tronic Grüneisen parameter for either end of the alloys
very high compared with that of normal metals. The he
capacity along with neutron-scattering measurements ru
out the presence of the Kondo effect in CePdSb. On the o
hand, the pressure dependence of the Curie temperatu
CePdSb has been explained well with Doniach’s mo
which takes account of the Kondo and RKKY interaction
These results indicate that the presence of the Kondo e
in CePdSb is an open question at present. The magnetos
tion measurements on CePdSb also indicated the chang
the magnetic state between 9 and 13 K.

Zero-field spin-echo NMR studies show well-defined
quadrupole split lines both in CePdSb and CePtSb, confi
ing the ferromagnetic ground state. The effective field (Beff)
at the Sb nucleus at low temperature is12.8 T and12.3 T
and the quadrupole interaction (vQ) for 121Sb (123Sb) is 3.8
~2.3! MHz and 8.5~5.1! MHz for CePdSb and CePtSb, re
spectively. The large value ofvQ in CePtSb cannot be ex
plained simply on the basis of the shorter bond length
tween Pt-Sb~2.649 Å! in CePtSb and Pd-Sb~2.679 Å! in
CePdSb. The factor of two change in the electric field gra
ent between CePdSb and CePtSb is far larger than woul
expected from a point-charge model and must be of e
tronic origin, most probably arising from thed band of Pt
atoms.
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