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Anomalous thermal expansion and magnetostriction of rare earth
compounds under high pressure
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Abstract

The thermal expansion coefficients of Kondo compounds, CeBe13 and CeRh2Si2, and the magnetostriction of Tb0.3Dy0.7Fe2(Terfenol-D)
have been measured at high pressure. By simple analysis using thermodynamical relation, it is found that the density of state at the Fermi
level and the Gr̈uneisen parametersΓ of the Kondo compounds decrease rapidly with increasing pressure corresponding to the large pressure-
induced enhancement of Kondo temperatures. An anomalous behaviour in the thermal expansion coefficients of CeRh2Si2 is observed at
high pressure aboveTN. This anomaly is suggested as an origin of pressure-induced superconductivity. The giant magnetostriction (GMS) of
T re discussed
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erfenol-D is found to be enhanced by applying hydrostatic pressure below 0.5 GPa but GMS decreases above it. These results a
riefly by comparing with the previous ones.
2005 Published by Elsevier B.V.
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. Introduction

The intermetallic compounds having unstable 4f electrons
how a lot of anomalous lattice properties, which are affected
trongly by applying pressure or magnetic fields[1,2]. The
hermal expansion and magnetostriction of these compounds
ave attracted a lot of interest because of the wide range of
pplication and new aspects in the fundamental physics about

he relation between the lattice and the magnetism.
In the present work, the thermal expansion, magne-

ostriction and their response to high pressure are described
n detail for the compounds containing Ce, CeBe13 and
eRh2Si2 and Tb0.3Dy0.7Fe2(Terfenol-D), which shows the
iant magnetostriction (GMS)[3]. CeBe13 is considered as
n intermediate valence compound showing no magnetic
rdering[4]. CeRh2Si2 shows a magnetic order atTN = 36 K
nd a superconductivity at high pressure around 1 GPa[5,6].

n such materials, we expect that the thermal expansion
oefficients show some anomalies at high pressure[7].

∗ Corresponding author.
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The GMS of Terfenol-D is also expected to be influen
significantly by applying pressure. A brief analysis of
data using thermodynamical relation will be discussed.
large pressure effect on the thermal expansion coeffic
and magnetostriction will be reported in the follow
sections. The details of experimental procedure have
published previously[8,9].

2. Thermodynamical relation of the thermal
expansion coefficients

The volume thermal expansion coefficientβ is related to
the specific heat at constant volumeCV by the Gr̈uneisen
relation:

β = ΓCV

BTV
(1)

whereΓ, BT, andV are the Gr̈uneisen parameter, isotherm
bulk modulus and the volume, respectively. In the isotr
materials,β is written asβ = 3α (α: linear thermal expansio
coefficient).Γ is written as,Γ = −∂ ln T0/∂ ln V , whereT0
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is a characteristic temperature such as ordering temperature
or Kondo temperature, which is related to the entropy of the
system. Considering the usual relation:

CV = γT + θT 3 (2)

whereγ andθ are the constants. Then we obtain the following
equation[8]:

α = A′T + B′T 3 (3)

where A′ is γΓe/3BTV and B = θΓph/3BTV . Electron
and phonon terms have respective Grüneisen parameters.
For the discussion in the following section we may write
Eq.(3) as

α/T = A′ + B′T 2. (4)

From these equations andγ ∝ N(0), α/T at low temperature
is roughly proportional to the valuesΓN(0), whereN(0) is the
density of state at the Fermi level. We will use these results
in the analysis of the present data.

3. Results and discussion

3.1. Thermal expansion of the intermediate valence state
(IVS) compound CeBe13
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Fig. 1. Thermal expansion coefficientsα(T ) of CeBe13 at high pressure.

Fig. 2. α/T at 10 K as a function of pressure.

From the result inFig. 3, Γ at 2 GPa is estimated to be 5–10
becauseΓ is 39 at ambient pressure[13]. The large decrease
in Γ below 0.5 GPa reflects the instability of electronic state
against pressure.

Fig. 3. (α/T )/
√

A at 10 K against pressure.
The thermal expansion coefficientα(T ) is shown in
ig. 1 at various pressures as a function ofT. α increase
ith increasingT without any discontinuities. There is a sm
ifference inα(T ) curves depending on pressure. At amb
ressure,α increases rapidly with increasingT up to abou
50 K, the change becomes sluggish and thenα becomes a
ost constant above 250 K. But in theα(T ) curve at 2 GPa

uch behaviour is less prominent, i.e.,α(T ) at 2 GPa show
smooth increase againstT. For the heavy Fermion mat

ial, there is a large enhancement of the value ofα/T at low
emperature in the plot ofα/T versusT 2, which indicates
arge mass enhancement of f-electron[8,10]. But we found
hat there is no such enhancement ofα/T at low temperature
his fact indicates that there is no mass enhancement a

emperature and CeBe13 should be in the category of IV
ompound[4].

Fig. 2 shows the values ofα/T at 10 K as a function o
ressure.α/T (10 K) is found to decrease rapidly with i
reasing pressure but above 1 GPa, the change becomes
s mentioned in Section2, the magnitude ofα/T (10 K) is

oughly proportional toΓN(0) (Γe = Γ ). Considering the re
ation N(0) ∝ √

A, whereA is the coefficient ofT 2 term in
(T ), the following relation is derived:

∝ α/T (10 K)/
√

A (5)

he values ofα/T (10 K)/
√

A are plotted inFig. 3as a func
ion of pressure. From this result, the value ofΓ is found
o decrease with increasingP. This is in agreement with th
esults reported previously for Kondo compounds[11,12].
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Fig. 4. Thermal expansion coefficientsα(T ) of CeRh2Si2 at high pressure.

3.2. Anomalous thermal expansion coefficient of
CeRh2Si2—precursor phenomena to the occurrence of
pressure-induced superconductivity

CeRh2Si2 is well known as a pressure-induced supercon-
ductor around 1 GPa having antiferromagnetic order near
35 K (=TN) at ambient pressure.TN is largely decreased by
applying pressure, which is extrapolated to 0 around 1 GPa
[14]. α(T ) curves are shown inFig. 4. Large change in the
α(T ) is easily seen as pressure is increased.

Two anomalies are found at ambient pressure atTN1 =
37 K andTN2 = 25 K, but at 0.95 GPa, one large dip inα(T )
is observed around 25 K, i.e.,TN2 disappears below this pres-
sure. Above 1.09 GPa, no anomalies are found inα(T ). In
other words, the antiferromagnetism disappears completely
above 1.09 GPa (=PC).

This result is compatible with that of the specific heat at
high pressure[15]. The values of (α/T )/

√
A are plotted in

Fig. 5 as a function of pressure abovePC. From this result,
the magnitude ofΓ decreases with increasing pressure but
tends to saturate above 1.5 GPa. This result is also in qual-
itative agreement with the previous reports[16]. Γ -value
was obtained by using the pressure dependence ofA to be
Γ = 42 above 1.5 GPa. Considering this fact and the result in
Fig. 5, it is suggested thatΓ is enhanced largely near the phase
boundary ofT = 0, or the quantum critical point, where the
v

u
α cor-
r er or

Fig. 5. (α/T )/
√

A at 10 K against pressure.

quantum critical point.α at 30 K also show an anomaly near
1 GPa, in which the change in the magnitude ofα seems to be
larger than that at 10 K. It should be very surprising that there
are discontinuous changes near 1 GPa inα(P) curve both at
50 and 60 K, which are higher than the magnetic transition
temperature 35 K. This fact indicates that there are anoma-
lies in the pressure dependence inα near 1 GPa even in the
paramagnetic region.

This result is reminiscent of the case of UGe2, which is a
typical example of pressure-induced superconductivity[17].
For this material, we have reported the anomalous pressure
dependence in the thermal expansion coefficients and electri-
cal resistance in the temperature range above the ferromag-
netic ordering temperature[18]. In this case, we suggested
the existence of some kind of short range order having crys-
talline or magnetic origins. According to this consideration,
we suggest that there are some kind of disorder or magnetic
short range order in CeRh2Si2 specimen in the region above
TN, which gives rise to an anomaly in the pressure depen-

F -
s

N
alues ofΓ may be larger than 50.

In order to examine the pressure dependence ofα, the val-
es are shown as a function of pressure inFig. 6. At 10 K,
shows a discontinuous change around 1.1 GPa, which

esponds to the disappearance of antiferromagnetic ord

ig. 6. Thermal expansion coefficientsα of CeRh2Si2 as a function of pres
ure at various temperatures.
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Fig. 7. P–T phase diagram of CeRh2Si2. TC was obtained from refs.[6,20].

dence ofα. In such sense, the large pressure effect on the
magnitude ofα at 30 K above 1.1 GPa may be due to a large
quantum fluctuation effect, which may exist in the wide range
of P–T phase diagram[19].

Fig. 7summarizes the present status of the pressure exper-
iment of CeRh2Si2 including superconducting phase. Some
discrepancies exist about the pressure range of superconduc-
tivity [6,20]. But it should be emphasized that there is another
phase boundary (dotted line inFig. 7) in the paramagnetic re-
gion, which is extrapolated to the maximum of theTC versus
P curve. This is also similar to the phase diagram of UGe2
[18,21]. This result means that there is a phase boundary or
crossover, which is closely related to the occurrence of super-
conductivity. In the region,T > TN1 andP ≥ PC, precursor
phenomena for the pressure induced superconductivity may
be observed.

3.3. Pressure-enhanced giant magnetostriction of
Tb0.3Dy0.7Fe2

It is well known that the intermetallic compound
Tb0.3Dy0.7Fe2 shows GMS of the order of 10−3, which has
attracted a lot of attention of many investigators from the
points of application as an actuator of micromachines[22].
In the present work we examined the effect of hydrostatic
pressure on the magnitude of GMS.Fig. 8shows the magne-
t netic
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Fig. 8. Magnetostriction parallel toH (λ‖) and perpendicular toH (λ⊥) at
ambient pressure.

above that but the magnitude ofλ⊥ is almost independent of
pressure.

Effect of uniaxial pressure on MS has been investigated
by several authors[23,24]. It has been reported that a jump
in the magnetization is induced by applying uniaxial pres-
sure of the order of several tens of MPa, which gives rise
to a jump or a sudden increase in the magnitude of MS.
In the present work, this type of jump is observed at hy-
drostatic pressure above 0.45 GPa (=450 MPa) as shown in
Fig. 9, which is about one order of magnitude larger than that
of uniaxial case. This phenomena is also found in the pres-
sure dependence of strain coefficient dλ/dH(= d33). Fig. 11
shows the strain coefficient dλ‖/dH(∝ d33) as a function of

F
0

ostriction (MS) at ambient pressure as a function of mag
eldsH (kOe) for the directions of parallel (λ‖) and perpen
icular (λ⊥) to H in the range−4.3 kOe� H � +4.3 kOe.
he values ofλ‖ andλ⊥ at ambient pressure are+1.0 × 10−3

nd−0.6 × 10−3 at 4.3 kOe, respectively.
Fig. 9 showsλ‖ andλ⊥ at 0.45 GPa as a function ofH.

t is easily seen thatλ‖ increases with applying magne
eld more rapidly than that at ambient pressure: the ma
ude ofλ‖ at 4.3 kOe is 1.3×10−3, which is about 1.3 time
arger than that at ambient pressure. Butλ⊥ is almost the
ame as that at ambient pressure.Fig. 10showsλ‖ andλ⊥ at
.3 kOe as a function of pressure. It is found thatλ‖increase
ith pressure having a peak near 0.5 GPa and decr
ig. 9. Magnetostriction parallel toH (λ‖) and perpendicular toH (λ⊥) at
.45 GPa.
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Fig. 10. λ‖ andλ⊥ at 4.3 kOe as a function of pressure.

hydrostatic pressure, in which a maximum appears around
0.45 GPa. In the case of uniaxial pressure, the maximum in
d33 is observed around 3 MPa, which is about two orders of
magnitude smaller than that at hydrostatic pressure[25]. Such
difference is also found in the uniaxial pressure dependence
of MS at 2 kOe[25], in which the maximum appears near
10 MPa but around 450 MPa in the hydrostatic case. These
facts indicate that the effect of hydrostatic pressure is quali-
tatively the same as that of uniaxial pressure but different in
the quantitative sense.

Clark et al.[23], presented a model to explain the field-
induced jump in MS of [1 1̄2] twinned Terfenol-D single
crystal by considering Zeeman energy, the anisotropic en-
ergy barrier and the work required against the compressive
load. They also assumed the direction of magnetic moment

is parallel to [1 1 1] direction atH = 0 and by increasingH,
the moment in one of the twins changes suddenly the direc-
tion by about 70◦ from [1 1 1] direction when Zeeman energy
overcomes the anisotropic energy.

When the hydrostatic pressure is applied, the effect on
the anisotropic energy is relatively smaller than that in
the uniaxial case and then the jump in MS takes place at
higher pressure than uniaxial pressure of several tens of Pa.
But by applying hydrostatic pressure more than 0.45 GPa,
it suppresses the anisotropic energy and the magnitude of
MS decreases with increasing hydrostatic pressure. This
consideration explains the results obtained in the present
work.

4. Conclusion

The main results obtained in the present work are summa-
rized as follows:

(1) The thermal expansion coefficients of CeBe13 are af-
fected strongly by applying pressure. This result indi-
cates the density of states at the Fermi level decreases
largely at high pressure and Grüneisen parameters de-
crease significantly with increasing pressure.

(2) The thermal expansion coefficients of CeRh2Si2 show
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Fig. 11. Strain coefficient dλ‖/dH as a function of pressure.
two clear anomalies at the antiferromagnetic orde
temperatures but by applying pressure, these anom
disappear above 1 GPa. By analyzing the data care
it is suggested that the thermal expansion coeffic
anomalies still exist above the antiferromagnetic or
ing temperature. We suggest a new phase in theP–T
phase diagram.

3) The magnetostriction of Terfenol-D increases with p
sure below 0.4 GPa but it decreases above it. The com
ison with uniaxial pressure was examined to show
the effect of hydrostatic pressure on GMS is extrem
smaller than that of unaxial one.
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