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Thermal expansion and magnetostriction of superconducting URu,Si,
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Dilatation measurements have been performed on a single-crystalline sample of the heavy-fermion su-
perconductor URu,Si, (T,=1.2 K). Thermal-expansion measurements in combination with specific-
heat data reveal a thermal electronic Griineisen parameter of I'r=27. A comparison with the magnetic
electronic Griineisen parameter derived from the magnetostriction, I'3 =26, points to a single energy
scale. The measured magnetostriction is strongly anisotropic with a peculiar hysteresis. Close to the
upper critical field, a change of sign in the magnetostrictive hysteresis is observed.

I. INTRODUCTION

Among the intermetallic compounds with the tetrago-
nal ThCr,Si, structure, URu,Si, attracts considerable at-
tention because of the unusual coexistence of supercon-
ductivity and antiferromagnetism.!”* Long-range anti-
ferromagnetic order is found below the Néel temperature
Tnx=17.5 K. The pronounced anomalies in the specific
heat and electrical resistivity at T, (Refs. 1-4) reveal
that the antiferromagnetic order is of the spin-density-
wave type with a gap (A~ 130 K) opening up over a part
of the Fermi surface. For T < T pronounced electronic
interactions persist, which give rise to an enhanced value
of the coefficient of the linear electronic term in the
specific heat: y =65 mJ/molK2 Because of this
enhanced ¥ value, URu,Si, is classified as a heavy-
fermion compound with a quasiparticle mass of the order
of 50 times the free-electron mass. Neutron-diffraction
experiments>® revealed that URu,Si, is a type-I antifer-
romagnet with an extremely small ordered moment of
(0.03%£0.01)up (on the uranium atom) oriented along the
tetragonal axis (c axis). Assuming the uranium atoms to
be tetravalent (*H, configuration), the magnetic proper-
ties can be explained to a certain extent by a crystal-field
model with singlet-singlet-induced magnetic ordering
(with an energy separation between the ground-state
singlet and first excited singlet of 42 K).” However,
theory has failed so far to account for the unusually small
ordered moment and therefore its origin is still the sub-
ject of lively debates. Reduced-moment antiferromagne-
tism appears to be a general feature of heavy-fermion
compounds, and is more generally ascribed to strong c-f
hybridization.

Surprisingly, superconductivity is found below T, =1.2
K.!™* The fairly large jump in the specific heat at T,
(Ac/yT,.=0.8) evidences heavy-fermion superconduc-
tivity, as the heavy quasiparticles form the superconduct-
ing condensate. Neutron-diffraction experiments have re-
vealed that superconductivity and antiferromagnetic or-
der coexist.’> The superconducting properties deviate
strongly from the standard BCS behavior. The upper
critical field B, is strongly anisotropic and unusually
large: B.,(T—0) amounts to 14 T for Blc and to 3 T for
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B|/c.® The specific heat in the superconducting state is
proportional to T2° while the NMR spin-lattice relaxa-
tion rate T'; ! varies approximately as 7°.!° The power-
law temperature dependence of the electronic excitation
spectrum indicates an anisotropic gap structure (with
nodes in the gap), which is in general attributed to uncon-
ventional superconductivity (L+0). Recently, point-
contact spectroscopy data!! were taken as evidence that
URu,Si, has a line of nodes in the superconducting gap.

In this paper we report on an investigation of the
unusual superconducting properties of a high-quality
single-crystalline sample of URu,Si, by means of a de-
tailed dilatometry study (thermal expansion and magne-
tostriction) carried out in the temperature range
0.3 <T < 1.5 K and magnetic-field range up to 5 T. The
results enable us to calculate the (uniaxial) pressure
dependence of the parameters characterizing the super-
conducting state. Furthermore, a peculiar hysteresis is
found in the magnetostriction in the superconducting
state, which is attributed to flux-pinning effects.

Earlier dilatometry experiments,® performed in the
normal state (1.4 < T < 100 K) on a monocrystalline sam-
ple, revealed a strong anisotropy in the linear coefficients
of thermal expansion, o and a, [where || and L refer to
dilatation (contraction) along or perpendicular to the
tetragonal axis]. Large jumps of opposite sign in a; and
a, at Ty signal the antiferromagnetic transition. At low
temperatures, the data yielded a heavy-fermion
Griineisen parameter of I'=—d InT*/d InV' =25 (here
T* is the energy scale of the heavy-fermion resonance).
Subsequent experiments'?> down to T=0.3 K on the same
sample revealed a rather broad superconducting transi-
tion accompanied by an inversion of the anisotropy in «;
and «,. The normal-state magnetostriction'® measured
at T=4.2 and 20 K for B <8 T showed strongly aniso-
tropic paramagnetic behavior (AL /L «B?). For
B||c,AV /V is almost two orders of magnitude larger than
for B||a.

The paper is organized as follows. After a description
of the experimental setup, the results of the thermal ex-
pansion and magnetostriction experiments are presented.
Subsequently, the normal-state electronic and magnetic
properties of URu,Si, are analyzed in terms of Griineisen
parameters. Next, the thermodynamic properties at the
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superconducting transition are studied in terms of the
Ehrenfest relations. Finally, the magnetostriction in the
superconducting state is discussed, with special attention
devoted to the magnetostrictive hysteresis.

II. EXPERIMENT

A single-crystalline batch of URu,Si, was grown in a
triarc furnace under a continuously titanium-gettered ar-
gon atmosphere by the Czochralski method.!* The single
crystal was subsequently annealed for 7 days at 950°C.
By means of spark erosion a rectangular barlike sample
was cut along the principal crystallographic directions.
The dimensions of the sample amount to 4 X3 X5 mm3
(a XaXc). Dilatation measurements were carried out
using a sensitive three-terminal parallel-plate capacitance
technique. The dilatation cell, machined of oxygen-free
high-conductivity copper,!® was attached to the cold
plate of a *He cryostat, which was operated by an adsorp-
tion pump. Temperatures were read with a RuO, chip
resistor that was in good thermal contact with the cold
plate. The RuO, thermometer was calibrated in magnet-
ic field using a field-insensitive capacitance thermometer.

The thermal-expansion measurements (in a field B||c)
were performed for a dilatation (contraction) along the a
and the ¢ axis of the tetragonal crystal structure. The
coefficient of linear thermal expansion, a;=L ~4L /dT,
where i refers to the a or the c¢ axis, was measured step-
wise (AT ~40 mK), in order to ensure thermal equilibri-
um of sample, cell, and thermometer during the measure-
ment. The data have been corrected for the cell effect,
i.e., the signal of the cell with a dummy copper sample.
The linear magnetostriction, A=[L(B)—L(0)]/L(0),
was measured for B||la and Bljc. For both field orienta-
tions A was measured for a dilatation (contraction) direc-
tion along and perpendicular to the magnetic field. The
magnetostriction was measured by recording the capaci-
tance change while sweeping the magnetic field at a low
rate (dB /dt <0.1 T/min). The coefficient of linear mag-
netostriction 71=dA/dB can be determined by
differentiating numerically the A(B) curves. Complemen-
tary A versus B data were taken by a discrete method, i.e.,
by stepwise increasing the magnetic field (AB =0.2 T) at
fixed temperature. The accuracy of the data is deter-
mined by an error of 3% in the absolute value of AL /L
due to the uncertainty in the effective area of the capaci-
tance plates and a maximum sensitivity of 2X 10~ 10,

III. RESULTS

A. Thermal expansion

The temperature variation of a, and a, of URu,Si, at
low temperatures is shown in Fig. 1. The corresponding
coefficient of volume expansion a, =2a, +a, is given by
the solid line. For T.<T <2 K, «a,4, a., and a, vary
linearly with temperature as does the specific heat
(c=yT). The linear coefficients of the thermal expan-
sion amount to a,=a,/T=0.22X10"% K~? and
a,=a,/T=—0.16X10"% K72 At the superconducting
transition (7,=1.18 K) a, and a, exhibit sharp jumps
and change sign. The width of the superconducting tran-
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FIG. 1. Linear thermal expansion «,(®) and a.(+). The
volume effect divided by 3 is indicated by the solid line.

sition amounts to 130 mK. The results displayed in Fig.
1 are in good agreement with previous measurements on
a single-crystalline sample,!> which exhibited a much
broader transition (AT,=0.3 K). Thermal-expansion
data in applied magnetic fields (B||c) are shown in Figs. 2
and 3. Superconductivity is progressively suppressed, ini-
tially at a rate dT,/dB=—0.16 K/T. The normal-state
thermal expansion also shows a substantial reduction for
Bjlc.
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FIG. 2. Coefficients of linear thermal expansion «, and a, of
URu,Si, in zero field (@) and in a field of 5 T (+) oriented along
the c axis. The jumps in ¢, and a, indicate the superconducting
transition at 7, =1.18 K.
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FIG. 3. Linear thermal expansion along the ¢ axis in zero
field (@), in a field of 0.5 T (+), and in 1.0 T (X) for Bf|c. The
superconducting transition temperature is suppressed at a rate
of dT,/dB=—0.16 K/T.

B. Specific heat

The specific-heat data round T, as measured on an ad-
jacent piece cut from the same annealed single-crystalline
batch, are shown in Fig. 4. The normal-state y value
amounts to 67 mJ/mol K2, In the superconducting state,
a T? temperature dependence is found down to 350 mK.
Extrapolation of the T'? law down to 0 K indicates a van-
ishing y value. The power-law temperature dependence
is characteristic for unconventional superconductivity
with a line of nodes in the superconducting gap.'® Using
an equal-entropy construction a 7, value of 1.18 K is
found, in good agreement with the thermal-expansion re-
sults. The relative jump in the specific heat at T,
amounts to Ac /¥y T, =0.81, which is considerably smaller
than the BCS value of 1.43, as expected for a strongly an-
isotropic superconducting gap. The specific-heat data re-
veal that our URu,Si, sample is of a relatively high quali-
ty. Similar specific-heat data on samples of comparable
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FIG. 4. Specific heat of URu,Si, with a superconducting
transition at 7.,=1.18 K. The solid line indicates a fit accord-
ing to an equal-entropy construction. A T? temperature depen-
dence of the specific heat is found in the superconducting state.
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quality have recently been reported by Knetsch et al. 17
and Brison et al.®

C. Magnetostriction

The curves of linear magnetostriction for fields up to 5
T (Bl|a and B||c) measured in the normal state at T=1.5
K are shown in Fig. 5. Data have been obtained for a di-
latation (contraction) along the a(A,), b(A,), and c(A,)
axis (here the b axis is defined as orthogonal to the a and
¢ axes). The linear magnetization is highly anisotropic
with a relatively strong field effect along the easy axis for
magnetization (B|lc) and a weak field effect along the
hard magnetic axis (B||a). No hysteresis was observed.
The volume  magnetostriction is given by
A, =A,+A,+A, (note that symmetry arguments imply
A=A, for B|c). The magnetostriction in the normal
state behaves like A=bB?, characteristic for paramagnet-
ic systems. The measured coefficients b are listed in
Table 1. Previous magnetostriction data'? in fields (B||c)
up to 8 T at temperatures of 4.2 and 20 K yielded a simi-
lar  behavior. The reported coefficients are
b,=6.0X10"°* T~ 2 and b,=—3.6X10 * T ?at 4.2 K,
values which are close to the data listed in Table I.

The linear magnetostriction in the superconducting
state was measured with a sweep method as well as with a
discrete method. The experimental results for A, and
B||c obtained by the sweep method are shown in Fig. 6
for several temperatures. In the superconducting state
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FIG. 5. Normal-state linear magnetostriction of URu,Si, for
B||a and B||c at 1.5 K. The calculated volume magnetostriction
divided by 3 is indicated by v/3. Note the different vertical
scales for B||a and Bj|c.
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TABLE 1. Quadratic field coefficient b of the magnetostric-
tion A=bB? for AL||a,b,c and Bla,c at 1.5 K. The volume
magnetostriction is determined by A, =A, +A, + A, for B||a and
A, =2A,+ A, for Bjlc.

B||a B|jc
b, (1078 T72) 0.13 7.8
b, (1078 T™2) 0.32
b. (1078 T7?) —0.31 —5.4
b, (1078 T™?) 0.13 10.2

the linear magnetostriction shows a pronounced hys-
teresis. The hysteresis loop closes at B,,. For B > B,, the
usual B? behavior is observed. Remarkably, at the lowest
temperatures, in the superconducting state, the hysteresis
changes sign at a field close to B.,. With increasing tem-
perature, the inversion point of the hysteresis moves to
lower field values, and, finally, vanishes for a temperature
close to 1.0 K. Data for A, and A, (B]|c) obtained by the
discrete method at T=0.5 K are shown in Fig. 7. In Fig.
7, a A=bB? term, representing the normal-state contribu-
tion determined in the field range B > B, (=2 T), is sub-
tracted. The results of the discrete and sweep methods
are in good agreement. Note that in low fields the hys-
teresis in A, has a different sign compared to the hys-
teresis in A,. The aforementioned inversion of the hys-
teresis close to B,, for A, is not observed for A,. Howev-
er, the hysteresis in A, becomes negligibly small in that
field region. The complex behavior of the magnetostric-
tion is furthermore illustrated by a sign reversal of the
hysteresis loop in A, by raising the temperature to 1.0 K.
The linear magnetostriction in the superconducting
state for a field direction in the tetragonal plane (B||a) at
T=1.0 K is shown in Fig. 8, with the normal-state back-
ground subtracted. The distortions in the basal plane are
nearly isotropic. The size of the hysteresis is much small-
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FIG. 6. Sweep measurements of the linear magnetostriction
A, at T=0.50, 0.75, 0.90, 1.0, and 1.1 K for B||c. The magne-
tostriction curves are shifted along the vertical axis for sake of
clarity.
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FIG. 7. Discrete measurement of the linear magnetostriction
A, and A, in the superconducting state (7'=0.5 K) for B|lc. The
quadratic field dependence of the normal state is subtracted.
The magnetostrictive hysteresis for A, in the superconducting
state changes sign close to the upper critical field where the hys-
teresis loop closes. The full curves are guides to the eye.

er than observed for B||c. The hysteresis in the A, curve
seems to show a sign reversal near 1.5 T (B|la). Howev-
er, the size of the hysteresis for B> 1.5 T is of the order
of the experimental accuracy.

IV. DISCUSSION AND ANALYSIS

A. Griineisen parameters

In order to study the volume dependence of the
thermal and magnetic energy scales of the heavy-fermion
state a Griineisen parameter analysis is performed.!® The

108 AL/L

Il L s
0 1 2 3 4 5
B

FIG. 8. Sweep measurements of the linear magnetostriction
Ags Ay, and A, at T=1.0 K for Blja. The quadratic field depen-
dence of the normal state is subtracted. Note that the curves of
A, and A, are shifted along the vertical axis for the sake of clari-

ty.
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thermal Griineisen parameter is defined as T
=—d InT*/d InV, where T* is the characteristic tem-
perature of the heavy-fermion resonance. The corre-
sponding magnetic Griineisen parameter is defined as
I'y=—d InB*/d InV, where B* is the characteristic field
for the heavy-fermion state. One can introduce an exper-
imental effective thermal Griineisen parameter I (7)
defined by

v, a,(T)
ke(T) °

where V,, =4.9X 107> m?/mol is the molar volume and ¢
is the molar specific heat at constant volume. The iso-
thermal compressibility, k= — ¥V ~1dV /dp, is estimated at
0.73 Mbar~ 1" In general, it is observed that I 7T') in-
creases rapidly with decreasing temperature as the
heavy-fermion state stabilizes. In the low-temperature
limit, I 4 attains a constant value as only the linear terms
in the thermal expansion (a, =a,T) and the specific heat
(¢ =vT) are retained and thus I' .;z=T 1, where

Tl T)= (1)

r=2n% @
Ky
In the case of URu,Si,, we obtain I' ;=27+2, where we
used @, =0.27X 10" ¢ K2 and ¥ =67 mJ/mol K2. When
superconductivity sets in, the effective Griineisen param-
eter changes sign and takes the value I' .= —27+3. The
normal-state thermal Griineisen parameter can be rewrit-
ten as I'=d Iny /d InV since T* < 1/y. The large value
for I'; yields a strong suppression of the y value with
pressure: d Iny /dp=—«T'7=—20+2 Mbar~!. This is
in agreement with specific-heat measurements under
pressure performed on a polycrystalline sample yielding
d Iny /dp =—28 Mbar 1.2
The normal-state coefficient of the volume magnetos-
triction, 7, = V ~1dV /dB, can be related to the hydrostat-
ic pressure dependence of the magnetization by one of the
Maxwell relations:

M
ap

14
oB

BT

(3)

T

For a quadratic field dependence of the volume magne-
tostriction, A,=b,B? a linear field dependence,
7,=2b,B, is found. The hydrostatic-pressure depen-
dence of the molar susceptibility Yy =u,M /B can be cal-
culated from the relation

_ _ 2otV @
BT X

dlny
ap

The molar susceptibility (in SI units) of URu,Si, at 1.5 K
is given by x=62X10"° m3/mol for Blc and
x=15X10"° m*/mol for B||a.> Using the coefficients b,
listed in Table I, a value for d lny/dp of —20%2 and
—1.04+0.5 Mbar ! is derived for B||c and B||a, respec-
tively. Magnetization measurements>! under pressures
of 1 bar and 4.6 kbar yield a somewhat larger value,
d Iny /dp = —29 Mbar ! for B||c at 4.2 K. This suggests
that the initial pressure dependence of the susceptibility
is apparently smaller than the value at several kbar. The
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hydrostatic-pressure dependence of the susceptibility can
also be expressed by —«d Iny /d InV. The corresponding
values of d Iny /d InV are 25+2 for B||c and 1.6+0.8 for
B|la. The magnetic Griineisen parameter I'y is deter-
mined by!®

d Iny d Iny
dInV dInT’

where the last term can be neglected as the susceptibility
is temperature independent at low temperatures. The
evaluated values of the magnetic Griineisen parameter at
1.5 K are I';=26+3 (B||c) and '3 =14%2 (B||a). For
the easy direction of magnetization (B|lc) we find
I'ps =Ty, indicating that the magnetic and thermal prop-
erties of the electronic system are strongly coupled in
URu,Si,. A similar coupling has been reported for UPt,
and CeRu,Si,'#?? and appears to be a general feature of
heavy-fermion systems. For the hard magnetic axis
(B||a) this coupling is absent.

=2l —T)+T; (5)

B. Uniaxial pressure dependence of T,

The uniaxial pressure dependence of the superconduct-
ing transition temperature can be determined with one of
the Ehrenfest relations for a second-order phase transi-
tion:

aT,
dp;

_ VaAag;
" A/T)

(6)

Bp'

where i =a,c refers to uniaxial pressure along the a or ¢
axis. Values for dT, /dp; have been determined from the
measured steps in the coefficients of linear thermal expan-
sion, Aa, and Aa,, and the step in the coefficient of the
linear term in the specific heat, A(c /T'), as listed in Table
II. We calculate dT,/dp,=—62 mK/kbar and
dT./dp,=43 mK/kbar. The hydrostatic-pressure
dependence of T, is given by

dT,/dp=2dT,/dp,+dT,/dp.=—81 mK /kbar .

These values are almost a factor of 2 larger than the ones
obtained by resistivity measurements under uniaxial pres-
sure,?® which yield dT,/dp,= —35 mK/kbar, dT, /dp,
=25 mK/kbar, and dT,/dp=—45 mK/kbar. The
determination of T, in these experiments, however, is not

TABLE II. Thermodynamical properties at the supercon-
ducting transition 7, =1.18 K in zero field. From the measured
steps in the thermal expansion Aa,,Aa, and the specific heat
A(c /T), the steps in the compliances As;; and As3; and the uni-
axial pressure dependence of T, are determined by the Ehren-
fest relations.

A(c/T) (mJ/mol K?) 54
Aa, (1076 K71 —0.68
Aa, (107 K1) 0.47
Asy; (1076 Mbar™!) 42
Asy; (107 Mbar™!) 20
dT, /dp, (mK/kbar) —62
dT,/dp. (mK/kbar) 43
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unambiguous as the transition broadens under pressure. 0.50 T T T
Better agreement is found with recent specific-heat mea-
surements under uniaxial pressure along the a axis
dT,/dp,=—63 mK/kbar.?* The calculated value for 0.
dT, /dp of —81 mK/kbar may furthermore be compared
with the values of —95 and —56 mK/kbar deduced from < -7
resistivity?> and specific-heat?® measurements under hy- 4 0.00<-_ a
drostatic pressure, respectively. The Griineisen parame- © TS
ter for the superconducting state, S c
-0.25¢ -
I',=—dInT,/d nV=«k"'d InT,/dp ,
amounts to —94. The anomalies in the compliances As; 50 ‘ . ) , ‘ | 5
and As;; are determined by rewriting the Ehrenfest rela- 0. 0.0 1.0 2.0 3.0 4.0

tion [Eq. (6)] in the following form:

oT, _ Asy -
ap; B ‘

By’ Aq;

The calculated anomalies in the compliances are also list-
ed in Table II. The corresponding steps in the elastic
constants at T, have been determined by sound-velocity
measurements.?® Unfortunately, a comparison of the
measured anomalies in the elastic constants and the cal-
culated compliances is not possible because not all the
relevant elastic constants are known.

C. Magnetostriction in the superconducting state

The condensation energy of the superconducting state,
expressed by the energy difference (per unit volume) be-
tween the Meissner state and the normal state, is de-
scribed by BZ2/2u, where B, is the thermodynamical
critical field. The spontaneous magnetostriction of the
superconducting state, Ay gA, =(Vg—Vy)/Vy, is deter-
mined by the pressure dependence of the condensation
energy:%’

B2 B,

2ug mo

3B,
ap

The relative length change due to the pressure depen-
dence of the condensation energy, AygA,=(Lg
—Ly) /Ly, is found by integrating the difference between
the measured coefficient of thermal expansion in the su-
perconducting (a?) and the extrapolated normal-state
behavior (a¥=a; T, where a; is deduced for T > T,):

Ay.shi= [(af—aMdT . 9

AN-S}\’UZK (8)

In Fig. 9, A, and A, are shown as function of 7. Above
T,, A, and A, are quadratic in temperature. At T, a
change of slope is observed. Below T, the spontaneous
magnetostriction appears. The relative volume change is
Ay.sh,=0.48X107¢ at 0.5 K and Ay gA,=0.17X10¢
at 1.0 K.

The spontaneous magnetostriction can also be estimat-
ed by subtracting a bB? term, representing the normal-
state magnetostriction (where b is determined by the
magnetostriction measured for B > B_,), from the magne-
tostriction in the superconducting state. The relative
length change at B=0 T then corresponds to the spon-
taneous magnetostriction. The spontaneous magneto-

T2 (K?)

FIG. 9. Relative length change as function of the tempera-
ture squared as determined by integration of the linear thermal
expansion. At 7,=1.18 K a kink in the relative length is ob-
served. The dashed line represents an extrapolation of the
normal-state behavior below T,. The difference between the ex-
trapolated relative length of the normal state and the relative
length of the superconducting state corresponds to the spon-
taneous magnetostriction.

striction deduced in this manner is shown in Fig. 7 for
B|c (at 0.5 K) and in Fig. 8 for Blja (at 1.0 K). The
values for the spontaneous magnetostriction as evaluated
from the magnetostriction are listed in Table III. A good
agreement is observed with the values evaluated from the
thermal expansion.

The thermodynamical critical field B, can be estimated
from the jump in the specific heat at the superconducting
transition in zero field:

v,, |oB,
Me/T)=—" | =%

From the data in Table II, we calculate dB,/dT = —37
mT/K. The volume change (Ay_gA,) caused by the first
term in Eq. (8) equals 4X107°% at 0.5 K and 3 X107 1% at
1.0 K. As the contribution of this first term is negligible
with respect to the measured values, which are three or-
ders of magnitude larger, the spontaneous magnetostric-
tion is predominantly attributed to the pressure depen-
dence of B.. The estimated pressure dependence of B, as
determined from the second term of Eq. (8), is equal to
dB,/dp=—2.4 mT/kbar at 0.5 K. The corresponding
uniaxial pressure dependence of B, is given by
dB_/dp,= —1.8 mT/kbar and dB, /dp.=1.2 mT/kbar.

2

(10)

TABLE III. Relative length change Ay gA related to the con-
densation energy of the superconducting state for Bj|a,c.

Blla (T=1.0 K) Bllc (T=0.5 K)

An.sh, (107°) 0.11 0.37
Ay.sAp (1079) 0.09

Ay.she (1079) —0.05 —0.24
Ay.sh, (1079) 0.15 0.50
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An effective Ginzburg-Landau parameter kg can be
introduced by Bc2=\/§KGLBc. This effective kg can be
expressed in anisotropic Ginzburg-Landau parameters by
kL= (k& k&1 )1/? for B|la and kg =«&; for Bjc. Dilata-
tion experiments at 1 K indicate a slope of the upper crit-
ical field of —6.25 T/K for B||c and —19.4 T/K for Bya,
in reasonable agreement with previous measurements.*?®
Using the measured slopes of B,, and the calculated slope
of B,, the following values for the Ginzburg-Landau pa-
rameters are found: «gG; =119 and kG =1155. The lower
critical field B,, is of the order of B In(kgy)/V 2kg, and
therefore negligibly small in our magnetostriction experi-
ments.

The diamagnetic shielding of an external field in the su-
perconducting state is reflected by the forced magnetos-
triction. The forced magnetostriction in the supercon-
ducting state of URu,Si, is found to depend on the histo-
ry with respect to the external field, i.e., on the hysteresis
in the magnetostriction for increasing and decreasing
fields. The most obvious origin of this hysteresis is flux-
pinning effects, which lead to different flux profiles for in-
creasing and decreasing fields in the sample. The local
stress associated with the field penetration is?

B2—B(x)?
ox)=——F7—, (1n
2u,

where B, is the external field and B(x) is the local field in
the sample. The local stress is oriented perpendicular to
the external field and points inwards for increasing and
outwards for decreasing fields. For fields along the c axis,
the local strains along and perpendicular to the field are
€fx)=s30(x) and €,(x)=s;,0(x), where s;; and sy3
are the compliances. The total linear magnetostriction is
found by integrating the local strain over the size of the
sample. For a magnetostriction perpendicular to the
direction of the field, the length of the sample is smaller
for increasing fields than for decreasing fields due to the
flux-pinning effects. For a magnetostriction along the
field the hysteresis has opposite sign as the compliance
513 is negative and s; is positive.

The measured magnetostriction of URu,Si, is not fully
consistent with the simple picture described above as a
change of sign is observed in the hysteresis. In the low-
field and low-temperature range, the appropriate sign for
the discussed flux-pinning effects is found, while in the re-
gion close to B, an opposite sign for the hysteresis is ob-
served.

Due to the flux pinning the flux profile inside the sam-
ple is different for increasing and decreasing fields in the
superconducting state. The hysteresis in the flux profile
can be accompanied by hysteresis in both the paramag-
netic magnetostriction and the ordered moment.
Neutron-diffraction measurements*® for B||c indeed show
a distinct difference between the zero-field-cooled and the
field-cooled value of the ordered moment, which is absent
in the normal state (B > B,). The observed hysteresis in
the ordered moment is of the order of 2%. The contribu-
tion of the hysteresis in the ordered moment to the mag-
netostriction is expected to be relatively small as the
normal-state magnetostriction is dominated by the
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paramagnetic contribution.

If a similar hysteresis, as observed for the ordered mo-
ment, is assumed for the paramagnetic contribution in
the superconducting state then the hysteresis of the
paramagnetic contribution can be determined from the
normal-state magnetostriction (Fig. 5). A hysteresis of
2% in the paramagnetic contribution corresponds to a
magnetostrictive hysteresis of 5X107° for a field of the
order of the upper critical field. The sign of this contri-
bution is in agreement with the observed magnetostric-
tive hysteresis close to B_, in the superconducting state
(Fig. 6). The size of the magnetostrictive hysteresis close
to the upper critical field is somewhat larger but of the
same order of magnitude. Therefore a competition be-
tween the superconducting and paramagnetic hysteresis,
caused by flux pinning, may account for the observed
magnetostrictive hysteresis. Further, we mention that a
weak ferromagnetic instability has been reported at 35 K
for some of the URu,Si, samples.’! The possible presence
of a weak ferromagnetic instability has not been exam-
ined for our sample. However, because of the absence of
any signature of the ferromagnetic order in the normal-
state magnetostriction in the form of deviations from the
paramagnetic behavior or hysteresis, we do not expect it
to be significant for the magnetostrictive hysteresis in the
superconducting state.

It is interesting to note that the magnetostriction of the
heavy-fermion superconductor UPt; shows no significant
hysteresis,>? while the magnetostriction of UBe,; exhibits
a large hysteresis for dilatations along the magnetic
field.>> The observed hysteresis in the magnetostriction
of UBe,; shows the same sign as observed in the region
close to the upper critical field in URu,Si,, while no
long-range magnetic order has been reported for UBe,;.

V. CONCLUSIONS

Detailed thermal-expansion and magnetostriction mea-
surements were performed both in the normal state and
in the superconducting state of URu,Si, in fields up to 5
T for all relevant crystallographic orientations.
Thermal-expansion measurements confirm the presence
of an inversion of the linear thermal expansion for all
orientations at 7,=1.18 K.

A Griuneisen parameter analysis shows that the
thermal and magnetic properties of the electronic system
are closely coupled as I' ;=27 and I'3 =26. The steps in
the thermodynamical properties at the superconducting
transition are analyzed in terms of the Ehrenfest rela-
tions. In zero field, the uniaxial pressure dependence of
T, is derived: dT,/p,= —62 mK/kbar and dT,/p. =43
mK/kbar.

The spontaneous magnetostriction, related to the pres-
sure dependence of the condensation energy of the super-
conducting state, is determined from measurements of
the relative length change as a function of field and tem-
perature. The observed spontaneous magnetostriction
reflects the strong pressure dependence of the thermo-
dynamical critical field. Magnetostriction measurements
reveal hysteresis with an unusual change of sign close to
the upper critical field. The unusual change of sign in the
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magnetostrictive hysteresis is accompanied by hysteresis
in the antiferromagnetically ordered moment in the su-
perconducting state, and possibly reflects the hysteresis in
the paramagnetic magnetostriction of superconducting
URU2Si2.
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