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Abstract. The ferromagnetic state of CePdSb below 17 K has been confirmed by zero-field
Sb NMR. The effective fieldB.;r) at the Sb nucleus at low temperature+2.78 T and the
quadrupole interactiotw,) is 3.8 (2.3) MHz for'?1Sh (123Sh). The NMR spectra do not reflect
reported magnetic behaviour at 6 K. The transition at this temperature is therefore thought to
be due to a second phase. The value bf B.;7/9 P is +6.3 Mbar~1, which is similar to that

of 3InT,/3P, +14 Mbart. The value ofd In v, /3P is —28 Mbar1, which is estimated to be

~ —28 times the value expected for an isotropic elastic solid. The elastic properties of CePdSh
are therefore predicted to be extremely anisotropic. The temperature dependehge oias
measured from 1.4-15 K but measurements are required to lower temperatures before it can be
decided whether a 4.5 K gap exists in the spin-wave spectrum, as postulated from heat capacity
measurements.

1. Introduction

The compound CePdSb is a ferromagnet whose Curie p@int(17 K) is remarkably

high compared to that of the isostructural Gd compoufd £ 15.5 K). The resistivity of
CePdSb was found [1] to show a shallow maximum near 150 K, which would suggest that
it may be one of a small group of compounds that exhibit both condensed Kondo behaviour
and ferromagnetism. The relatively large low-temperature momeht,z/Ce and the low
value [2] of the Sommerfeld coefficieny; = 11 mJ mot! K2, however, rather count
against a Kondo state. Three puzzling results have been reported for CePdSb:

(i) the magnetic heat capacity has no pealf,at
(i) a broad maximum is, however, observedrgf?2;
(i) the low-field magnetization of some samples shows a second transitior7y&ar

In view of these features of the macroscopic properties of CePdSb, a zero-field NMR
investigation has been made of the ferromagnetic state as a function of temperature and
pressure. A brief report of the NMR spectrum at 4.2 K and atmospheric pressure has
already been published [3].

The crystal structure of CePdSb was originally [1] thought to be of the hexagonal
Caln-type (space groupP63/mmc) with Ce atoms occupying 2b crystallographic sites

0953-8984/96/295475+08$19.50C) 1996 IOP Publishing Ltd 5475



5476 J S Lord et al

(b)

()

b L I LI e B

A.C. Susceptibility (a.u.)

-

% 2 a4 6 & 10 12 14 16 18 20 22 24
Temperature (K)

Figure 1. The a.c. susceptibility of polycrystalline CePdSb samples produced (a) in an argon
arc furnace (sample Il), and (b) in a sealed tantalum capsule atIB@Sample I).
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Figure 2. The Sb NMR in CePdSb at various Figure 3. The Sb NMR spectra from CePdSb at
temperatures, prepared (a) in an argon arc furna@mospheric pressure and 6.8 kbar at 4.2 K for a sample
(sample 11), and (b) as pieces of single crystal grown byf small single crystals.

the Bridgman method. The single-crystal NMR spectra

are similar to those obtained from the polycrystalline

powder prepared in a sealed tantalum capsule at

1800°C.

and with the Pd and Sb atoms randomly distributed on the 4f sites. Neutron diffraction
measurements [3, 4, 5], however, suggested that the crystal structure is a modification of
the Caln structure, hexagondt6zmc GaGeli, in which the Pd and Sb atoms form ordered
sublattices at coordinates (1/3, 2/3,and (2/3, 1/3p). Profile refinements yield values of

u = 0.4684 andv = 0.5164 The narrow lines observed for the Sb NMR spectrum shown

in figure 2 support the suggestion that an ordered crystal structure is formed. The lattice
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parameters are = 4.935A andc = 7.890A.

The values of the crystal-field parameters obtained from the inelastic neutron scattering
spectra [4] of CePdSb are&8d = 1.3 meV, B = —0.054 meV andB; = 0.857 meV. These
parameters lead to a predicted value of the magnetic moment p;/IC2 atom, with the
moment lying in thea—b plane [3, 4]. Experimental values for the saturation moment per
Ce atom of polycrystalline CePdSb at 4.2 K of 12[1] and 0.9%5 have been obtained
[2]. The low-field magnetization and the a.c. susceptibility as a function of temperature
of CePdSb have been reported [2] to show a second maximum near 6 K. It was not clear
whether this was due to a magnetic interaction, such as a rotation of the easy axis, or to a
second phase.

The magnetic heat capacity'f;) of CePdSb does not show the usual peak rigar
rather,C,, gradually increases, with decreasing temperature, to a broad maximum [2] near
9 K, i.e. nearT/T. = 0.5. Below 8 K, Trovarelliet al [2] found that their data could
be well described by the expressi6ly, = AT” exp(—8/T), with A = 0.23 J mof* K1,

n = 1.7 ands = 4.5 K. This expression, with = 1.5, is of the form of the spin-wave heat
capacity for an anisotropic ferromagnet with a gap the dispersion curve. The magnitude

of the gap is however larger than would be expected for an easy-plane ferromagnet. Well
above the peak i€y, (T > 14 K), Cy, is proportional to7 —2.

Trovarelli et al [2] have proposed two possible explanations for the shapg,qfboth
of which, they recognized, are not in complete agreement with the experimental results.
Firstly, they note that the Ce—Ce spacing in the Gaype structure is much smaller in
the c-direction than in the:-direction and therefore CePdSb might show some features of
a low-dimensional system. THE-2-dependence of’,; above 14 K is in agreement with
calculations for a magnetic chain, but the fit to the low-temperature side of the p&gk of
is characteristic of an anisotropic three-dimensional ferromagnet. It is therefore necessary
to propose that there is a crossover to 3d interactions between 14 K and 8 K. Secondly, they
consider a system with incommensurate magnetic order. This is known to exist in5GdCu
due to competition between nearest-neighbour ferromagnetic and next-nearest-neighbour
antiferromagnetic interactions. The maximum valueCgf of GdCu; is far below the Nel
temperatureTy = 26 K, but the reason for this is not clear.

In the present paper, we report zero-field NMR experiments on CePdSb, usitf¢She
and'?3Sb nuclei, over the temperature range 3 K-15 K and at pressures up to 7 kbar. Two
samples were characterized by measuring the a.c. susceptibility as a function of temperature,
as shown in figure 1. One was found to show a second maximum in the region of 6 K,
but the NMR spectra of the two samples were quite similar at all temperatures. The 6 K
transition is therefore attributed to the presence of a second phase. At atmospheric pressure,
the temperature dependence of tht&Sb NMR was followed to 15 K (0.88). The accuracy
with which the frequency of the resonance could be determined was lower for temperatures
greater than 10 K, because of the collapse of the individual quadrupole-split satellite lines
into a broad peak. The effective field at the Sb nucleus was found to increase with pressure,
with 9In B,;s/d P = 6.3 Mbar . The pressure dependence of the electric field gradient at
the Sb nucleus was found to be some 28 times greater in magnitude and of opposite sign
to that expected from that of a model point charge in an elastically isotropic medium. The
elastic properties of CePdSh are therefore likely to be highly anisotropic.

2. Experiment

Two polycrystalline samples of CePdSb and some small pieces of a single crystal were
studied via NMR and a.c. susceptibility. Sample | of polycrystalline material was prepared
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in a BN crucible contained in a Ta capsule. The capsule was sealed shut by arc welding
in an argon atmosphere, in order to avoid loss of Sb when the temperature was raised to
1800°C. Sample Il was prepared in an argon arc furnace. Differences between the two
samples may be due to a small loss of Sb during melting in the arc furnace. A 12 g crystal
of CePdSb was grown by the Bridgman method. A sealed capsule of the form described
for the polycrystalline sample was heated to 18@0in an induction coil and then cooled

from the bottom end by lowering it slowly through the coil.

The a.c. susceptibility as a function of temperature of the two polycrystalline samples of
CePdSb is shown in figure 1. Sample I, prepared by arc melting, clearly shows the peak at
6 K reported previously, but at this temperature there was only a very broad maximum for
the sample prepared in a sealed crucible (sample 1). It is likely, therefore that the peak in
the a.c. susceptibilityteb K is characteristic of material deficient in Sb; the Curie point of
CePd for example [6] is 6.5 K. The response of the unoriented pieces of single crystal was
almost identical to that of sample I. (Tlheaxis of CePdSh is known to be the hard direction
but it is not necessary to orientate the crystal in order to perform zero-external-field NMR.)

There is no suitable isotope of Ce for NMR but, in the ordered magnetic state, there is a
transferred hyperfine field at the Sb nucleus. ¥i8b (//27 = 1019 MHz T, I = 5/2)
and 1?3Sp (/27 = 552 MHz T, I = 7/2) NMR spectra of CePdSb were observed
in zero external field. The two nuclei have a natural abundancé'sb at 5725% and
1235h at 4275%. The sensitivity (relative téH) for equal numbers of nuclei at constant
field is 0.160 and 0.0457 respectively. The spectra were measured using a swept frequency
phase-coherent spin-echo spectrometer [7, 8], with the sample in @Jowtuned coil.

Spin echoes were observed at low applied RF power, due to the enhancement of the RF
field by domain wall motion, which confirms the ferromagnetic ground state of CePdSh.
The Sb NMR spectra (figure 2) show thé guadrupole-split lines expected from a site of
non-cubic symmetry. The sign of the effective field at the Sb nucl®Jg X was shown

to be positive, i.e. parallel to the magnetization, by observing the increase in the NMR
frequency in a field of 0.1 T. The high-pressure experiments were performed in a Be-Cu
lock cell. The pressure was applied to the liquid immersed sample at room temperature.
The pressure was measured using a calibrated semiconductor transducer.

The NMR spectra shown in figures 2 and 3 are taken from the sample consisting of
pieces of single crystal. Although the signal was weaker in the sample of small single
crystals than for the powder sample | (because of RF skin depth) the lines were better
resolved. The line positions of the sample of small single crystals appeared at almost
identical frequencies to those observed for sample I. As can be seen from figure 2, sample
Il gave similar spectra, but with broader lines. The broader lines of sample Il may be a
signature of the loss of the Sb. A disordered occupation of Sb sites may result in local
distortion of the electric field gradient, leading to inhomogeneous quadrupole broadening.
The detailed analysis of the behaviour of CePdSh, described below, is therefore based on
our measurements on the sample consisting of single crystals.

3. Discussion

The low-temperaturé?'Sb and'?*>Sb NMR spectra of CePdSb show Zuadrupole-split

lines; see figure 2. In order to analyse the spectrum it is necessary to go to second order
in the expression for the frequencies becaugg¢vy was found to be 0.135 (0.15) for
1215h (?3sh). Because CePdSb is amrb easy-plane magnet we can take the magnetic
moment in the ordered state to be at 90 the electric field gradient (EFG) and fit the
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spectra to the equation [9]

vo(2m —1)  vj
) 3210 [6m(m —1) —2I(I +1) + 3].

Here,vg = 21 B.sr /v, andvg = 3e2¢Q/2h1 (I — 1), whereeQ is the quadrupole moment

of the nucleus andg the EFG at the nucleus. Separate fits were madé'&b and*?3Sh
spectra and at 4.2 K at atmospheric pressure the valueg afe 2777 MHz and 1505
respectively, and, are 380 and 227 respectively. The ratio df1SbA23Sb for vg(vy) is
therefore 1.845(1.67), in excellent agreement with published values [10] for the NMR of Sb
of 1.847(1.65), confirming the validity of the fit. The signBf;; was found to be positive,

i.e. parallel to the magnetization, becaugdancreased when a field of 0.1 T was applied.
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Figure 4. The pressure dependence Rfy, at the Sb  Figure 5. The pressure dependenceigf at 4.2 K for
nucleus at 4.2 K for a sample of small single crystalshe single-crystals sample of CePdSb.
of CePdSb.

The NMR spectra at atmospheric pressure and 6.85 kbar at a temperature of 4.2 K
are shown in figure 3. It is clear thag increases and, decreases under pressure. The
value of B,;; was found to increase linearly under pressure, figure 4, #ithB,;; /0P =
+6.3 Mbar!. This value is comparable to the pressure dependence of the Curie point,
dInT,/aP = 14 Mbar?!. The effective field at the Sb nucleus probably arises from a
RKKY-like polarization of the conduction electrons by the Ce moments. In the RKKY
model, the interaction is a function &t - », where kg is the Fermi wave vector and
in a nearly free-electron moddlr - r is independent of pressure. The changeBgf;
with pressure could therefore arise from an increase in the Ce moment or of the exchange
interaction with pressure. The pressure dependence of the magnetization of CePdSb has not
been reported, but the value &f./0 P, whereu is the Ce moment, is expected to be small.
The value for CePt is & 1 Mbar?, for example [11].

The pressure dependence f is shown in figure 5. The value dflnvy/dP =
—28 Mbar!. The elastic properties of CePdSh have not been reported, but the bulk
modulusBr of a number of Ce intermetallic compounds lies in the range [12] 0.8—-1.2 Mbar.
Taking 1 Mbar as a reasonable estimate of the bulk modulus therefore leads to a value of
dInvy/9InV = 28. The theoretical value dfinvy/dInV for an elastically anisotropic
solid is—1 and, while this model is too simple for a real solid, values closelpe.g.—1.5
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for Cu in CyO, have been measured [13, 14]. The value bfv,/0InV for CePdSb is
therefore some 28 times greater, and of opposite sign, to that for the simple model. Because,
from the values ofB.s;, there is no suggestion that the magnetic properties of CePdSh
change drastically under pressure, it is unlikely that the large valddrof, /9 In V relates

to a change in the electronic structure of the Ce ion. The most probable explanation is that
the elastic properties of CePdSb are like those of compounds such as CuO [13], in that
they are extremely anisotropic, and so the relatidnv,/0InV = —Brdlnvy/dIn P is

not valid.

The spontaneous magnetization of CePdSb as a function of temperature, derived by
extrapolating the magnetization to zero external field in an Arrott plot [5], shows a point of
inflexion near 10 K, and then a rather slow approach to the region of the Curie point (17 K).
Because the magnetic heat capacity is proportional to #/2/dT, the magnetization data
are consistent with the 10 K peak observeddy. The Arrott plots are not, however,
linear, so the accuracy of the extrapolation of the magnetization to zero field is difficult to
estimate. Sb NMR spectra of the single-crystal and powder samples were measured as a
function of temperature at atmospheric pressure in zero applied field.
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Figure 6. (a) The temperature dependenceBpf; at the Sh nucleus in CePdSb at atmospheric
pressure. The collapse of the satellite lines above 10 K reduces the accuracy withByhich
can be determined. The line hag%dependence. True”/2-behaviour may not appear above
t = 0.025. (b) The variation 0B,/ (T)/Bess(0) with T%2 in the low-temperature region. The
line is the model fit including the gap function.
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The lowest attainable temperature was 1.35 K, and the highest useful temperature was
constrained by the collapse of the quadrupole-split NMR spectrum into a single broad
distribution as shown in figure 2. The temperature dependenBg-pfshown in figure 6(a),
shows a slower decrease with temperature than the decrease in spontaneous magnetization
[5], with no indication of the point of inflexion around 10 K. The assumption is made that
the effective field at the nucleus is proportional to the spontaneous magnetization in the
low-temperature limit. The validity of this assumption is discussed in [15, 16, 17]. On this
assumption, the decrease of the magnetization of an isotropic ferromagnet with temperature
is given by spin-wave theory:

Mr /Mo = Beys(T)/Bess(0) = 1 — bt/? )

wheret = T/T,, b = 2.612(gup/ Mo)(k/4m D)%/?, g is the Lan@ factor k is the Boltzmann
constant, andD is the spin-wave stiffness. Anisotropy leads to a gap in the spin-wave
spectrum,7, = gugBa/kg, and equation (1) is modified by (7/T,) as discussed by
Keffer [15] for example.

Above the low-temperature limit, terms %2 and:”/? appear and, in general, it is
necessary to integrate over the Brillouin zone to fitd7T)/M (0). Indeed in the range
0.17 < ¢ < 0.6, B.;; appears to vary as’, showing the importance of the higher-order
terms. The region for which equation (1) applies is rather limited. For Ni and Fe for
example [17, 16], it i < 0.025. The low-temperature Curie point of CePdSb made it
impossible for us to reach< 0.075 so the measurements shown in figure 6 may not be in
the low-temperature limit. Without making these very low-temperature measurements, it is
not possible for us to determing,;,(0) unambiguously, or to decide whether the curvature
seen in figure 6(b) is due to a gap in the spin-wave spectrum or the presence of terms
beyond:®/2.

The data can, however, be fitted consistently across the raf@é Q + < 0.17 by the
function [15]

o0
By (T)/Boss(0) = 1 — (b/2.6121%/2 Z p 32 exp(—pT,/T)
p=1
i.e. equation (1) modified by the presence of a gap in the spin-wave spectrum. Taking
g = 18/7 (the value ofg parallel to thea—b plane as derived by Trovarelit al [2]), the
moment per Ce atom as2.g and D = 11 meV after Nevilleet al [5], we obtain a value
of T, = 4.0 K, close to the valu€, = 4.5 K found from heat capacity measurements [2].

4. Conclusions

The ferromagnetism of CePdSb has been investigated as a function of temperature and
pressure using zero-field Sb NMR. The second magnetic transition near 6 K, which was
reported earlier, was found in the a.c. susceptibility of one of the two samples studied.
Because the NMR spectra of the two samples were very similar, this transition is considered
to be due to a second phase, rather than to be an intrinsic feature of CePdSb. The temperature
dependence of the Sb NMR of CePdSb appears to be that of a normal ferromagnetic material,
despite the peculiar behaviour of the magnetic heat capacity. The effective magnetic field
at the Sb nucleus increases under pressure at a rate comparable to that of the Curie point.
The pressure dependence of the electric field gradient at the nucleus is, however, some 28
times greater than, and of opposite sign to, that expected from a simple point charge model
of elastic isotropy. The temperature dependence cannot be fully understood in terms of
spin-wave theory without making measurements below 1 K, and to complete the analysis



5482 J S Lord et al

of the properties of CePdSb under pressure, a measurement of the elastic properties and
pressure dependence of the magnetization is required.
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