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Abstract. Thermal expansion and forced magnetostriction measurements are reported on two Gd inter-
metallic compounds which order magnetically below ~10 K. The relative influence of the electronic, lattice
and magnetic degrees of freedom was determined using results obtained on a non-magnetic isostructural
compound. A Griineisen analysis revealed that whilst the magnetic contribution to the specific heat is
similar for both Pd2GdIn and Cu2GdIn the spontaneous magnetostriction was significantly smaller in the
Pd compound. Forced magnetostriction measurements suggest that the thermal expansion in Pd2GdlIn is
primarily associated with spin fluctuations in the Pd 4d band. It is suggested that these additional degrees
of freedom give rise to the enhanced specific heat observed in PdoGdIn.

PACS. 75.30.-m Intrinsic properties of magnetically ordered materials — 65.70.4y Thermal expansion and
density changes; thermomechanical effects — 75.80.4+-q Magnetomechanical and magnetoelectric effects,

magnetostriction

1 Introduction

Inter-metallic compounds containing rare earth elements
exhibit a wide variety of properties, which arise from the
relative importance of the lattice and electronic degrees
of freedom and their possible interplay. For systems in
which coherent lattice and magnetic degrees of freedom
are involved polarised neutron scattering can sometimes
be employed to determine not only the temporal and spa-
tial dependence of the modes but also the absolute mag-
nitude. In many cases it is not possible to experimentally
separate the different contributions and unambiguously
identify the mechanism or mechanisms involved. Analysis
of experimental data therefore usually proceeds with re-
sort to models. In order to quantify the influence of certain
mechanisms, studies have been made on systems in which
the number of degrees of freedom have been restricted.
This has led to considerable interest in compounds in
which the sole magnetic element is gadolinium. Gadolin-
ium has a particularly stable 4f shell, it is an S state ion,
and is therefore unaffected by the crystal field. Further-
more the coupling of the lattice and electronic degrees of
freedom arising from spin-orbit interaction is expected to
be negligible. Despite this potential simplification, some
Gd compounds are found to have unusual low temper-
ature properties. In particular for Gd;—,Y,NisSis [1-3]
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alloys, GdCusSiz, GdGag, GdCus [3] and Pd2GdIn [4]
an enhanced specific heat has been reported above the
Néel temperature giving rise to an anomalously large lin-
ear contribution. For the former alloys this behaviour was
thought to arise from extensive short-range ferromagnetic
correlations extending well above the Néel temperature.
However for Pd2GdIn extensive analysis suggests that lat-
tice degrees of freedom were involved. The present paper
reports new results on one of these compounds, namely
PdyGdlIn, concerning the thermal expansion and forced
magnetostriction.

Resistivity, specific heat [4] and magnetisation [5] mea-
surements indicate that PdoGdIn orders magnetically be-
low ~9 K. However the order appears to be complex being
antiferromagnetic in zero field but transforming to ferro-
magnetism under the influence of an applied field. The
saturation moment extrapolated to 0 K is approximately
8 pp, which is 1 pp more than the 7 up expected for a
Gd3* (gJ) ion. In the paramagnetic phase the observed
effective moment is still slightly larger than the free ion
value of Gd3*. The additional moment observed in the
ground state was tentatively attributed to the polarisation
of the Pd (4d) band by the Gd (4f) local moments. How-
ever the specific heat is enhanced and remains so beyond
20 K. Measurements made on isostructural compounds in
which the Gd was replaced by Lu [4] or the Pd by Cu [6]
did not reveal anomalous behaviour which suggested a
possible 4 f-4d involvement in PdyGdlIn.
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Fig. 1. The thermal expansion coefficient of Pd2GdIn between
2 and 300 K. The inset shows the low temperature variation
of CuzGdIn (o), Pd2GdIn (V) and PdzLuln (—). The lines
connecting the data points for the two Gd compounds are only
a guide for the eye.

2 Experimental

20 g polycrystalline samples of PdoGdIn, CupsGdIn and
PdoLuln were prepared by melting the appropriate
quantities of spectrographically pure elements, in an ar-
gon arc furnace. X-ray powder diffraction confirmed the
materials to be single phase and to have the Heusler struc-
ture and cell parameters as reported in the literature [4].
Pillar shaped specimens of dimension 4 X 4 x 20 mm were
spark eroded from each ingot.

Measurements of the thermal expansion and forced
magnetostriction were made using a sensitive three termi-
nal capacitance method which enabled length changes of
AL 10719 to be detected. The specimens were mounted
in a parallel plate capacitance cell made from oxygen free
high conductivity copper. By placing the cell in a super-
conducting magnet, measurements could be made over the
temperature range 2 to 300 K and in magnetic fields up to
7 T. Temperatures rendered stable to + 0.1 K were mea-
sured using a Cernox sensor thermally anchored to the
cell.

Although magnetisation measurements on these mate-
rials have previously been reported [5], further measure-
ments were undertaken as a result of anomalies observed
in the forced magnetostriction investigations. The mag-
netisation measurements were carried out as before us-
ing a SQUID magnetometer manufactured by Quantum
Design.

3 Thermal expansion

The thermal expansion coefficient of PdaGdIn observed
between 2 and 300 K is shown in Figure 1 together with
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Table 1. The coefficients A and B obtained by least square
regression of the low temperature approximation «(7) =
T + BT? to the low temperature thermal expansion data of
Pd2GdIn, CuzGdIn and PdzLuln.

Ax 1075 [K™®] B x 107" K™
Pd,GdIn 0.101 = 0.002 44403
PdoLuln 0.107 £ 0.001 4.0 £0.2
CuzGdIn 0.062 £ 0.002 5.0 + .03

the low temperature variation observed for all three com-
pounds (inset). The total volume change between 0 and
300 K as given by

/ N r)ar (1)

is 1.12, 1.15% and 1.01% for PdyGdIn, CusGdIn and
PdsLuln respectively. Above approximately 20 K the vari-
ation of o with temperature is similar for all three com-
pounds. Since the compound containing Lu does not order
magnetically the thermal expansion may be considered to
arise only from the electronic and lattice contributions.
If they are not coupled a(T") will comprise of two terms
proportional to T and 72 namely

3 0p/T 4,z
a(T)= AT+ B <£> / ST
0 o

- oo
where A and B are constants and fp is the Debye temper-
ature. Therefore at low temperatures T < 6p /12 a plot of
a(T)/T versus T? should within a Griineisen regime pro-
duce a linear variation. A linear relation between «(7T")/T
and T2 holds for PdsLuln below ~30 K. A least square
fit was then used to determine the coefficients of the lin-
ear and cubic terms. The results of this analysis are given
in Table 1 together with those obtained for PdoGdIn and
CuzGdIn.

Since the latter two compounds order magnetically
only data between 12 K and 30 K was used in the anal-
ysis. It may be seen from Table 1, that the values for
the coefficients are very similar for all three compounds.
The PdsLuln data was then used to extract the “magnetic
thermal expansion” in the two compounds containing Gd.
The magnetic thermal expansion so obtained is plotted as
a function of temperature in Figure 2 for PdoGdIn and in
Figure 3 for CuyGdIn. The spontaneous volume magne-
tostriction at 0 K which the lattice undergoes as a result
of magnetic long range order is obtained using

0
/ 3am (T)dT
T>Tn

to give 2 x 1072% and 10 x 1073 % for PdyGdIn and
CusGdIn respectively. The data was extrapolated to zero
Kelvin assuming a linear variation.
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Fig. 2. The magnetic specific heat C,, magnetic contribution
to the coefficient of the thermal expansion Bm and ratio fm/Cm
as a function of reduced temperature in Pd2GdlIn.
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Fig. 3. The magnetic specific heat C, magnetic contribution
to the coefficient of the thermal expansion Bm and ratio fm/Cm
as a function of reduced temperature in CuzGdIn.

From Figures 2 and 3 spontaneous magnetostriction is
clearly visible with a maximum in the magnetic contri-
bution to the thermal expansion coefficient in the vicin-
ity of the Néel temperatures. For both compounds the
maximum in the specific heat and magnetic thermal ex-
pansion are in good agreement. At Ty the spontaneous
volume magnetostriction (8m = 3am = diTA—VV = Bd% %)
is estimated to be ~5 x 1076 K~! and ~20 x 107% K—!
for PdoGdIn and CusGdIn respectively. The change in
magnetostriction is clearly larger in the copper compound
whereas the relative jump in specific heat at Ty is es-
sentially the same for both compounds [4], the ratio
Cun/Bm (108 J/mol) being 11/5 for Pd2GdIn and 10/20
for CupGdIn. In the case of Pd3GdIn the magnetic spe-
cific heat was obtained after subtraction of an enhanced
linear component as explained in reference [4]. Below Tx
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Fig. 4. The relative internal magnetic energy of Pd2GdIn and
Cu2GdlIn as a function of temperature obtained from the mag-
netic specific heat.

the specific heat of the palladium compound has an un-
usual linear dependence on temperature and is extended
above the Néel temperature suggesting a significant de-
gree of short range order. On the other hand, the ther-
mal expansion does not exhibit the same degree of short-
range order. As a consequence Cy, is not proportional to
Bm over the entire temperature range where magnetic or-
der occurs. The specific heat of CuyGdIn has a thermal
variation more generally observed in magnetic phase tran-
sitions. The short-range order is less pronounced than in
PdsGdIn but follows that observed in the thermal expan-
sion. However Cy, is still only proportional to S, over
a limited range of temperature. In the low temperature
limit, a similar analysis can also be made of the elec-
tronic a/vy and lattice b/ contributions to the specific
heat and thermal expansion. Using the values of a and b
given in Table 1 and the reported electronic v and lat-
tice B components of the specific heat [4] yields ratios of
~107% and 10~ for the electronic and lattice contribu-
tions for both PdyGdIn and CusGdIn. The ratio of the
magnetic to other contributions (electronic and lattice)
at Ty is about 12:1 for specific heat measurements and
for thermal expansion 7:1 (CugGdIn) and 2:1 (Pd2GdlIn).
The ratio 5(T")/C,, which is plotted in Figures 2 and 3 for
the two Gd compounds, leads to the determination of a
magnetic Griineisen parameter vy, = dln Uy, /0ln V' which
simplifies to oy = —(B7ym/3V) Cr, where B is the isother-
mal bulk modulus. The magnetic Griineisen parameter
provides information on the dependence of the isotropic
magnetic interaction energy U,, on the inter-atomic
separation.

The internal magnetic energy at 0 K can be determined
from the area of the specific heat anomaly as a function
of temperature. In Figure 4 the relative internal magnetic
energy is plotted as a function of reduced temperature.

Un(T) _ T O (T) ot

Un0) =0, (T) T

(4)
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Fig. 5. Longitudinal forced magnetostriction isotherms for
Pd2GdIn.

In the absence of any coupling to the lattice this gives
directly the thermal evolution of the spin-spin correlation
function. This ratio is plotted for PdoGdIn and CuyGdIn
as a function of reduced temperature in Figure 4, from
which it may be seen that the variation is very similar in
both compounds. If ay, is proportional to Cy, the inter-
nal magnetic energy can also be obtained using the mag-
netic thermal expansion. However the magnetic Griineisen
relation does not hold for these compounds. In particu-
lar the spontaneous magnetostriction of Pds GdIn appears
anomalously low. If a similar analysis is carried out us-
ing equation (4) and the magnetic thermal expansion co-
efficient (3, for both compounds, the results are similar
to those obtained using Cp,. Whilst the thermal varia-
tion is similar to that calculated for a two spin cluster
model with nearest neighbour interaction [7], more in-
formation is required concerning the magnetic structure.
Spin wave measurements on several ferromagnetic Heusler
compounds [8,9] including one close to an antiferromag-
netic instability [10] indicate that the exchange interac-
tions are of long range and oscillatory as expected for
an RKKY mechanism. In these isostructural compounds
e.g. PdoMnln the magnetic moment is confined to the Mn
atoms which occupy the same crystallographic site as the
Gd. There is negligible overlap of the 3d wavefunctions
and the compounds provide good model wavefunctions for
studying localised transition metal magnets. For the com-
pounds containing 4 f elements the magnetic order is as-
sociated with the Gd atoms which in the case of PdoGdIn
induces a small moment on the palladium atoms. The
field dependence of the magnetic isotherms in the mag-
netisation measurements [5] below Tx suggests that the
magnetic order is complex with a continuous evolution
towards ferromagnetism rather than a spin flop transi-
tion. Since Gd is a S state ion the moment is relatively
stable and unaffected by crystalline electric fields. Fur-
thermore the cubic environment would suggest anisotropy
effects are small. For fields of ~ 2 T the magnetic en-
ergy pH associated with the Gd moments is comparable
to kpIn and therefore only moderate fields are required
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to establish ferromagnetic alignment of the Gd moments.
The Curie-Weiss behaviour of the susceptibility above Ty
is consistent with local moment behaviour in which the
magnetic phase transition is driven by transverse fluctua-
tions of the Gd moment. Although below Ty in PdoGdIn
the Gd moments partially polarise the 4d Pd band pro-
ducing an extra ~ 1up to the observed magnetisation this
does not constitute a local moment. Magnetisation mea-
surements show that magnetic short range order above T
has disappeared by ~ 15 K. Within a local moment model,
e.g. Heisenberg system, the magnetic contribution to the
thermal expansion arises from the thermal variation of the
spin-spin correlation function and the dependence of the
exchange integral with distance. For an itinerant system
amplitude fluctuations are important and lead to an ad-
ditional degree of freedom which can influence thermal
expansion.

4 Magnetostriction

The isothermal longitudinal forced magnetostriction

% = Z(Hg)(igf(o) was measured at several temperatures in
fields up to 7 T for each sample. The results for PdoGdIn
are shown in Figure 5. With the exception of the isotherm
corresponding to approximately the Néel temperature, i.e.
T =9.59 K, all the isotherms are initially negative before
having a positive slope. Although the change in magne-
tostriction is small it is significant with the minimum in
the forced expansion occurring for fields < 0.5 T. Previ-
ous magnetic isotherms [5] were measured in field steps
of 0.5 T and so it was not possible to ascertain whether
there is an associated change in magnetisation. Therefore
the magnetisation was remeasured in the ordered phase
using field steps of 0.1 T. Although the isotherm obtained
at 2 K and shown in Figure 6 does not appear to have
any anomaly, if the data is plotted in the form of an
Arrott plot (M? versus H/M), inset to Figure 6, a change
in slope is observed around 0.5 T. Clearly the magnetic
transition is not a spin flop but a continuous transforma-
tion. The forced magnetostriction observed in CusGdIn as
shown in Figure 7 has a different field dependence com-
pared to PdaGdIn. Although only the longitudinal mag-
netostriction has been measured on polycrystalline speci-
men the differences observed between the two samples are
significant. The precise dependence of the volume on ap-
plied field depends amongst other criteria on the details
of the magnetisation process and may be obtained using
the Maxwell equation

@)= Gr)., o

where M is the magnetisation in the field direction. For
a simple antiferromagnet M = xV,H and equation (5)

becomes
1 [0V ox
— (2 —g(& .
7 <8H>T¢p (aP)H,T ©
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Fig. 6. The magnetisation of PdoGdIn as a function of field
at 2 K. The inset shows the same data plotted in the form of
an Arrott plot M?versus H/M. For clarity not all the data
points have been plotted.
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Fig. 7. Longitudinal forced magnetostriction isotherms for
CusGdIn. The inset shows the data obtained for the non-
magnetic compound PdzLuln.

On the application of a field the sublattice magnetisation
rotates and for fields greater than Hy becomes canted pro-
ducing a ferromagnetic component. Eventually for fields
H > 2Hg the system becomes ferromagnetic. For inter-
mediate fields Hy < H < 2HEg the susceptibility is essen-
tially field independent and equation (6) can be integrated
to give

Vi =V 1 (0x 2 2
BT (8_P) (H *Hsf>~ (7)

Thus for fields greater than Hg the volume magnetostric-
tion AV/V varies linearly with H2. More detailed model
calculations [7, 11] also predict that the forced magne-
tostriction will have a quadratic dependence on the ap-
plied field for paramagnetic and antiferromagnetic be-
haviour. However it may be seen from Figure 8 that this
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Fig. 9. The magnetisation of CupGdIn as a function of field

at 4 K. The inset shows the same data plotted in the form of
an Arrott plot M? versus H/M.

dependence is only approached at high temperatures. Be-
low Tx the forced magnetostriction of CupaGdIn (Fig. 7)
shows a distinct anomaly at approximately 0.5 T. How-
ever the anomaly is not the same as that observed in
PdoGdIn since it involves a zero change in the magne-
tostriction as a function of field. The anomaly is more
pronounced for increasing field and at 4.2 K a significant
hysteresis is observed. Above approximately 3 T there is
very little field dependence observed in the magnetostric-
tion. This anomaly coincides with that reported in mag-
netisation measurements below Tn. More detailed mag-
netisation measurements undertaken in the magnetically
ordered phase are shown in Figure 9. Again the magnetic
transitions which are continuous can be seen in the Arrott
plot inset to Figure 9. On warming above the Néel tem-
perature the discontinuity in the isotherms which occurs
around 3 T disappears with the magnetostriction becom-
ing field independent at approximately the lower anomaly
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of 0.5 T. The general variation of the forced magnetostric-
tion with field is similar to that observed for non-magnetic
PdsLuln Figure 7.

5 Discussion

The magnitude of the thermal expansion coefficient ob-
served for all three compounds is similar and appears quite
“normal”. It may be compared with 10~ observed for ma-
terials exhibiting giant magnetostriction or with zero for
Invar materials. The total volume change between 0 and
300 K again is very close for the three compounds indi-
cating a small magnetic component. This was confirmed
by subtracting an electron and phonon contribution from
the two Gd compounds, assuming all three components
are uncoupled. If the magnetic contributions to the spe-
cific heat and thermal expansion are compared for the
two magnetic compounds differences are revealed. At Tx
the jump ACy, in the magnetic specific heat is similar for
both compounds, whereas the spontaneous magnetostric-
tion is significantly smaller in PdoGdIn. A comparison of
the thermal evolution of the magnetic specific heat and
thermal expansion reveals that a magnetic Griineisen re-
lation does not hold. The magnitude of V' and B in the
Griineisen expression may be considered similar for both
compounds and not to vary significantly over the temper-
ature range considered. Thus the coupling to the lattice is
different in both compounds. This difference is highlighted
in the results obtained in the forced magnetostriction mea-
surements. Magnetometry measurements reveal that the
magnetisation process is different in both magnetic com-
pounds with PdoGdIn having a complex structure. Un-
fortunately the high absorption cross section for thermal
neutrons hinders the establishment of the magnetic struc-
ture. In the absence of this information it is not possible
to comment in detail on the magnetisation process. How-
ever if the Gd moments form a triple Q structure similar
to that in the isostructural compound PdsMnln this will
lead to a negligible magnetostriction [12]. If this is the
case in PdsGdln, the forced magnetostriction would arise
from the polarisation of the Pd 4d band. This would then
decrease as a function of temperature as observed. Since
the applied field uH ~ kgTn the forced magnetostriction
may be expected to remain finite for large fields above Tx.

The longitudinal magneto resistance Ap/p observed [1]
at 5 K in the ordered magnetic phase of Pd2GdlIn is re-
ported to have a variation similar to that expected for a
weak itinerant ferromagnet. Since Gd is expected to have
a stable moment of fixed amplitude the possible itinerant
behaviour could arise from the Pd 4d band. The possibility
of amplitude fluctuations provides an additional mecha-
nism for thermal expansion. Within the itinerant electron
model the thermal expansion arising from the magneti-
sation process predicts an expansion coefficient below T,
given by

am = —2/3KCM?(0,0)/T? (8)
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Fig. 10. The forced magnetostriction of PdoGdIn at 15 K
plotted against the square of the specific magnetisation.
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where K is the isothermal compressibility and C is the
magneto elastic coupling constant. Above T, an, is zero
since the spontaneous magnetisation in this model be-
comes zero. However if spin fluctuations are taken into
account a positive magneto volume strain is predicted in
the paramagnetic state, as a result of the increase in the
mean squared amplitude of the spin density fluctuations.
There is currently no information with regard to the com-
pressibility of PdaGdIn or CusGdIn but the parameters
K and C' also appear in the expression for the volume
magnetostriction

Wm(Ha T) - wm(0,0) =KC [MQ(Hv T) - M2(070>] (9)

where w is the relative volume change and M the magneti-
sation. Thus combining the magnetostriction and mag-
netisation data enables KC to be determined, which ac-
cording to equation (6) is given by the gradient if Aw is
plotted against M?2. For T > Ty the isotherms indicating
positive magnetostriction are linear with approximately
the same gradient; shown in Figure 10 is the isotherm
corresponding to 15 K. The isotherms in the magnetically
ordered phase are not linear but the “best” straight line
fit to these data yields the same gradient. The curvature
may arise from the complex nature of the magnetic order
and possible differences in the precise field dependence be-
tween the magnetisation and expansion measurements. As
indicated the gradient yields directly the product KC in
equation (9) namely ~ 7x 1079 (kg T/J)? essentially inde-
pendent of temperature over the measurement range. This
value is approximately two orders of magnitude smaller
than that observed for weak itinerant ferromagnets [13].
A similar discrepancy is obtained if the derived value of
KC is then used in equation (8) to determine ay,. Fur-
thermore within this model the magnetic contribution to
the thermal expansion above T, is predicted to be zero.
Clearly the forced magnetostriction remains significant
up to at least 61x and is different in form from that
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expected for disordered Gd local moments as exempli-
fied by CusGdIn. The possibility of spin fluctuations as-
sociated with 4d Pd band requires consideration. Above
~1.5TN the uniform susceptibility is Curie Weiss with an
effective moment slightly larger than that expected for dis-
ordered Gd local moments. The effects of spin correlations
and in particular amplitude fluctuations on the thermal
expansion of weakly and nearly ferromagnetic materials
has been considered [14]. In this model the magnetic ther-
mal expansion above the transition temperature is linear
in temperature with the coeflicient «,, given by

1 1
m=-KC——
am = pKCH—

(10)
where B’ is the coefficient of the fourth order term M*
in the Landau expansion of the free energy and C\, is
the Curie constant. Substituting the appropriate values
obtained at 20 K yields oy ~0.5 x 107% in reasonable
agreement with the results shown in Figure 2. It is there-
fore tempting to identify the enhanced specific heat with
the presence of spin fluctuations associated with the Pd
4d band.

6 Conclusions

Thermal expansion and forced magnetostriction mea-
surements have been carried out on two intermetallic
compounds containing Gd which order magnetically and
one paramagnetic isostructural compound for which Gd
has been replaced by Lu. Using a Griineisen analysis
in which the electronic and lattice degrees of freedom
are assumed to be uncoupled, the results for the non
magnetic Lu compound were used to obtain an estimate
of the spontaneous magnetostriction in the two Gd
compounds. This analysis revealed that the spontaneous
magnetostriction in PdyGdIn was significantly less than
that obtained for CuyGdIn possibly as a result of the
Gd moments forming a triple Q structure. On the
other hand the magnetic contribution to the specific
was found to be similar in both compounds. Significant
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differences in the magnetoelastic properties between the
two compounds were observed in the forced magnetostric-
tion measurements. Analysis of these data suggests that
the thermal expansion in PdsGdlIn is primarily associated
with the induced moment on the Pd lattice. Magneto-
resistance measurements also suggest the presence of spin
fluctuations associated with the 4d Pd band. On the basis
of these results it is suggested that the enhanced specific
heat observed in PdsGdIn occurs as a result of these ad-
ditional degrees of freedom.

The authors would like to thank Bryan Dennis for his technical
assistance and the Paul Instrument fund of the Royal Society
for its support in the construction of the dilatometer.
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