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The thermal expansion and magnetostriction for various configurations of strain and field direc-
tion in single crystals of CeAl, are measured in the temperature range 1.2 to 4.2 K in magnetic fields
up to 10 T. A phase diagram is constructed, comprising the antiferromagnetic and high-field
phases. The temperature dependence of the magnetostriction constants is determined for the high-
field phase in a field of 10 T relative to the zero-field antiferromagnetic state. The paramagnetostric-
tion coefficients are measured at a temperature of 4.2 K in fields up to 5 T.

INTRODUCTION

The cubic Laves-phase compound CeAl, is a periodic
Kondo system,1 or Kondo lattice, having thermal® and
magnetic® properties of special interest. The Kondo in-
teraction of a single Ce site is dominated by the
Ruderman-Kittel-Kasuya-Yosida interaction between the
sites, resulting in low-temperature magnetic ordering,
with a single-ion Kondo temperature,® Ty=5+2 K.
Below the Néel temperature, T, =3.9 K, a sinusoidal in-
commensurate spin-density wave was observed by neu-
tron diffraction.” The magnetic structure is complex,
with a single crystal comprising 24 single-wave-vector
domains.

The magnetoelastic coupling is strong in CeAl,, espe-
cially for shear strain.” Studies of the direct pressure
dependence of the Néel temperature T, have yielded
conflicting results, even as to the sign of the effect.®’
Schefzyk et al.!° measured the thermal expansion and
specific heat at zero pressure of single crystal and poly-
crystalline CeAl,, and found clear evidence for two tran-
sitions between temperatures 3.7 and 3.9 K. The jump in
the thermal expansivity, and therefore the pressure
dependence, was opposite in sign at these two transitions,
while the absolute magnitude deduced by means of the
Ehrenfest relation was in rough agreement with the
direct pressure results.

There is a discrepancy between the positive sign of the
thermal expansivity a in the antiferromagnetic phase ob-
served by Schefzyk et al.!° and the negative a reported
by previous workers.!' 713 As reported previously by one
of the authors,!* the present results confirm the earlier
work, and thus indicate an error by Schefzyk et al.!° in
determining the sign of a.

The thermal expansion!' and magnetostriction'? of
polycrystalline CeAl, below the Néel temperature pro-

11

43

vide evidence for a field-induced metamagnetic phase
transition, which was observed first in the high-field mag-
netization.> The strain is an approximately quadratic
function of field at low fields, while it begins to approach
saturation at high fields, and the point of inflection of the
curve of strain versus field is taken to mark the phase
transition.!! The nature of the anisotropy of the magne-
tostriction!? shows that the distortive strain is much
larger than the volume strain, as expected from the
strong field dependence of the shear elastic constant.’

The high-field phase has unknown magnetic structure.
The phase transition from the antiferromagnetic to the
high-field phase is marked also by a sharp drop in the
resistivity!>!® with increasing field. A similar effect!’
occurs in the Kondo lattice CePb;.

Steglich et al.* have reviewed the experimental situa-
tion of this unusual compound, which is the first metal to
be found in which the Kondo effect and long-range mag-
netic order coexist. It has been suggested!® that the
metamagnetic phase corresponds to the freezing out of
spin degrees of freedom by a high magnetic field, which
reduces the resistivity by removing the scattering of elec-
trons by spin-flop or by spin-density-wave excitations. '®

We have measured the thermal expansion and magne-
tostriction of single crystals of CeAl, in magnetic fields
up to 10 T, for various configurations of strain and field
throughout the antiferromagnetic range of temperatures,
and also in the paramagnetic phase at temperature 4.2 K,
just above the Néel temperature. For some
configurations the field-induced phase transition is
marked by sharp peaks in the thermal expansivity or
magnetostriction, and accordingly we have been able to
map the phase diagram quite accurately. The high-field
magnetostriction constants for a field of 10 T are deter-
mined as a function of temperature from 1.2 to 4.2 K.
The paramagnetostriction coefficients for fields up to
about 5 T at temperature 4.2 K are also measured.
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EXPERIMENT

Two single-crystal samples of CeAl, were spark cut
from a boule'® comprising several crystallites of different
orientation. The samples were of dimensions 3 to 4 mm
and had plane-parallel faces perpendicular to the [100]
and [110] axes, to an accuracy of about 3°.

The thermal expansion and magnetostriction were
measured by a capacitance method.?® Each sample was
glued with epoxy to the base of a beryllium-copper capac-
itance dilatometer cell. The capacitance of the cell was
measured with a General Radio 1616 three-terminal ca-
pacitance bridge, as field was varied by a 10-T General
Electric superconducting solenoid, and temperature was
varied in the range 1.2 to 4.2 K by pumping liquid heli-
um.
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FIG. 1. Thermal expansion of CeAl, measured along a cube
axis in magnetic fields B in units of T: (a) longitudinal with field
parallel to strain (line 1 of Table I); (b) transverse with field
along a cube axis perpendicular to strain (line 2 of Table I).
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RESULTS

The thermal expansion and magnetostriction for vari-
ous configurations of the strain direction € and the mag-
netic field direction B are shown in Figs. 1-7. The
configurations of € and B relative to the crystal axes are
given in Table I. For each configuration the thermal ex-
pansion was measured for several values of the magnetic
field from zero to B=10 T, but only the data and curves
for B=0, 4, 5, and 10 T are shown in the figures. The
magnetostriction was measured at several temperatures
in the range 7T=1.2 to 4.2 K, but only the data and
curves for T=1.5, 3.0, and 4.2 K are shown.

The thermal expansivity in zero field is negative, as is
shown in Figs. 1(a), 1(b), 4(a), 5(a), 6(a), and 7(a). It ap-
pears, as seen most clearly in Fig. 1(b), that the strain,
e=Al/I, shows no discontinuity at the Néel temperature,

Ty=3.85+£0.1 K, but the thermal expansivity,
a=de(T)/dT, is discontinuous, with
Aa= 1i _—-
a= i la o]
=(—15+3)X107° K. (1)

In Eq. (1) we follow the unusual convention that the sub-
script +(—) for a refers to temperatures above (below)
the Néel temperature, and that the sign of the discon-
tinuity Aa is that of the low-temperature ordered phase
relative to the high-temperature disordered phase.

The longitudinal magnetostriction is large and positive
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FIG. 2. Longitudinal (upper curves and line 1 of Table I) and
transverse (lower curves and line 2 of Table I) magnetostriction
of CeAl, at temperature T in units of K for field and strain
along cube axes.
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[Figs. 2 (upper curves) and 4(b)]. The transverse magne-
tostriction is relatively small and negative for field B
along a cube axis [Figs. 2 (lower curves) and 7(b)]. The
resultant volume magnetostriction is large and positive at
all temperatures for fields greater than about 5 T (Fig. 3).
Below the Néel temperature the volume magnetostriction
is small and negative at low fields and changes sign with
increasing field.

In high magnetic fields the longitudinal thermal expan-
sivity is negative [Figs. 1(a) and 4(a)], while the transverse
thermal expansivity is positive [Figs. 1(b), 5(a), and 6(a)].
At some intermediate fields, the thermal expansivity
changes sign with increasing temperature [Figs. 1(a), 1(b),
4(a), 5(a), and 6(a)].

We define the transition with increasing field from the
antiferromagnetic phase to the high-field metamagnetic
phase, following Croft et al.!!, by the inflection point in
the thermal expansion curve [Figs. 1(a) and 4(a)], i.e., the
temperature at which the thermal expansivity is a max-
imum. The magnetostriction curves provide in most
cases however a clearer demarcation of the phase bound-
ary, either through an inflection where the differential
magnetostriction is a maximum [Figs. 2, 4(b), 5(b), and
6(b)], or a peak in the magnetostriction [Fig. 7(b)].

The resultant phase diagram shown in Fig. 8 is in
reasonably good agreement with those given by Croft
et al.'' and Lapierre et al.'® For field B along the cubic
and twofold symmetry axes, the phase boundary coin-
cides with that found by these authors for a polycrystal-
line sample. For B along a threefold symmetry axis the
phase boundary diverges below about temperature, 7=3
K, and at the lowest temperature, 7' < 1.5 K, the sample
enters the high-field phase at a field about 1 T lower than
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FIG. 3. Volume magnetostriction of CeAl, for field along a
cube axis.

for the other field directions. This behavior is consistent
with the observed anisotropy of the magnetization
curves.’

The extrema in the magnetostriction seen in the anti-
ferromagnetic phase at temperatures 1.5 K and 3.0 K for
relatively low fields, B=~10 T to 15 T, directed along
lower symmetry axes [Figs. 4(b), 5(b), and 6(b)] provide
further evidence for a domain-reorientation line on the

TABLE I. Paramagnetostriction of CeAl, at temperature 4.2 K in magnetic fields up to B~S5 T. The configurations of the strain
direction € and field direction B refer to either or both the magnetostriction and thermal expansion figures.

Configuration
(direction cosines) G;B;)

Line € B [Eq. (3)] Fig. f;(lo-ST—z)

1 0,0,1) (0,0,1) %L v+ %L 160 1(a) and 2 (upper curves) 300

2 (1,0,0) (0,0,1) %LV 1(b) and 2 (lower curves) —50
1 1 1 1 | N N

3 7_5,??2, 75’,“/——-2—,0 TLV+ILIOO+ZL111 4(3.) and 4(b) 1200
1 —1 1 1 . R R

4 VARVE 5750 Ly +3Lyo—3Ly, 5(a) and 5(b) —920
1 -1 1 1 1 . . .

5 ‘ﬁ,v_;, ‘/_3,7-5,7_5 jLV+7Lloo_lell 6(3) and 6(b) —850

6 ‘/LE,O, % (0,0,1) 1Ly+ 2L 7(a), €(B) not measured

7 1050 0,0, 1L, 7(b) ~30

11 . .
8 (0,0,1) 5 —,0 sLy 10, hysteresis
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phase diagram, as suggested by the behavior of the mag-
netoresistance in polycrystalline samples. !’

The magnetostriction in the highest field, B=10 T,
that we used to produce the metamagnetic phase, may be
described approximately by the standard expression®!
employing three temperature-dependent magnetostriction
constants A;

(= AT
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FIG. 4. (a) Thermal expansion of CeAl, with both magnetic
field B in units of T and strain along the same twofold symmetry
axis; (b) magnetostriction of CeAl, at temperature T in units of
K for the same configuration (line 3 of Table I), with hysteretic
behavior at T=1.5 K shown in the insert.

where «; and f3;(i=1,2,3) are the direction cosines of the
strain direction € and the magnetic-field direction B, re-
spectively.

The volume magnetostriction constant A, may be
determined from the values of € for B=10 T in Fig. 2
(lower curves) and Fig. 7(b), which agree within about
+10%. The tetragonal shear constant Ay, may then be
determined from Fig. 2 (upper curves), and the trigonal
shear constant A;;; by substituting the values of € for
B=10T in Figs. 4(b) and 5(b).
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FIG. 5. (a) Thermal expansion of CeAl, with magnetic field B
in units of T and strain along different twofold symmetry axes;
(b) magnetostriction of CeAl, at temperature T in units of K for
the same configuration (line 4 of Table I).
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The resultant values of Ay, Ao and Ay, are plotted as
functions of temperature in Fig. 9. They may be checked
by calculating the values of € for B=10 T, corresponding
to the configuration of Fig. 6(b). The calculated values of
€ —515X 1075 —490X 107%, and 410X 10~ % at tempera-
tures 1.5, 3.0, and 4.2 K, respectively, are to be compared
with the measured values —535X107% —528X107¢,
and 520X 107%. The fit is not good, but one should note
that Eq. (2) is intended to fit the anisotropy of the satura-
tion magnetostriction of a ferromagnet, whereas in a field
of only B=10 T the magnetostriction of the metamagnet-
ic phase of CeAl, is by no means saturated. Thus, the
upper curves in Fig. 2, where the magnetostriction is
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FIG. 6. (a) Thermal expansion of CeAl, with magnetic field B
in units of T along a threefold symmetry axis and strain along a
perpendicular twofold symmetry axis; (b) magnetostriction of
CeAl, at temperatures 7 in units of K for the same
configuration (line 5 of Table I).
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essentially equal to (3/2)A,;;, show that both magneto-
striction constants are still increasing quite rapidly with
field. It was considered inappropriate accordingly to use
an elaborate fitting procedure to determine the optimum
values of the magnetostriction constants, and the values
plotted in Fig. 9 were determined by the procedure de-
scribed above.
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FIG. 7. (a) Thermal expansion of CeAl, with magnetic field B
in units of T along a cube axis and strain along a twofold sym-
metry axis at angle 7/4 to the field (line 6 of Table I); (b) magne-
tostriction of CeAl, at temperatures T in units of K with mag-
netic field along a cube axis and strain along a perpendicular
twofold symmetry axis (line 7 of Table I).
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The paramagnetostriction at temperature 4.2 K is de-
scribed by the expression

€(B) _ 1 AI(B)
B? B? 1
:%LV+%L1002a%B?+3L111 > aa;BB; , 3)

i#j

where we have changed the notation of Averbuch and
Segransan?? so that the paramagnetostriction coefficients
L; correspond to the magnetostriction constants A; in Eq.
(2). The magnetostriction at 4.2 K varies quadratically
with magnetic field up to a field B =4 T to 5 T, but varies
less rapidly at higher fields. We give in Table I the slope
of the low-field quadratic plot for these various
configurations of Figs. 1-7.

The procedure for evaluating L; from the data in Table
I by use of Eq. (3) follows that described above for the
calculation of A; in the metamagnetic phase, except that
L, is calculated as the average of three values obtained
from the values of the magnetostriction in lines 3, 4, and
5 of Table I, L, having first been obtained from lines 2
and 7, and then L o, from line 1.
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FIG. 8. Phase diagram of CeAl,. The phase boundary be-
tween the antiferromagnetic phase and the high-field phase is
determined for field along a cube axis (points o) by inflection
points in the curve of Figs. 1(a) and 2(a) and similar curves at
different temperatures and fields; for field along a twofold sym-
metry axis (points [J) similarly from Figs. 4(a) and 4(b); and for
field along a threefold symmetry axis (points A) similarly from
Figs. 6(a) and 6(b). The arrow 1 indicates the field range over
which the paramagnetostriction coefficients L at temperature
T=42 K were determined. The double-headed arrow
(«————) indicates the temperature range over which the mag-
netostriction constants A; in magnetic field, B=10 T, were
determined, as shown in Fig. 9.
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The resultant values
L,=(—120+30)x10"8 T2,
L0 =(230+30)X1078 T2, @)
L,,;=(1520+230)X10"8 T2,

should be compared with the values of the magnetostric-
tion constants A;, also at temperature 4.2 K (see Fig. 9)

Apy=—80X10"°,
Aop=145X107°, (5
Ay =910X 1076 .

The three values of A; are, within the experimental ac-
curacy, in the same ratios as the values of L;, and corre-
spond when substituted into Eq. (3) to a fictitious internal
field, B;,  =7.9+0.2 T. This agrees well with the value of
7.5 T for the molecular field associated with the Ce-Ce
exchange interactions, which was estimated by Barbara
et al.® from polarized neutron diffraction data.

The volume magnetostriction coefficient .S}, may be
calculated from the paramagnetostriction coefficients L;
by use of the equation??

_ 562(?) 2317 AV;B’ =L, +3Li+3Ly, . (6
The above values of L;, when substituted in Eq. (6), give a
volume magnetostriction for field directed along a cubic
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FIG. 9. Temperature dependence of the magnetostriction
coefficients A; in the metamagnetic phase of CeAl, in a magnetic
field, B=10T.
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axis, S,,=(380i30)><10_8 T2, Because of the enor-
mous value of the trigonal shear coefficient L, the
volume coefficient SP° for a polycrystal®

SII;C:LV-F%LIOO-F?)LIU (7)
is considerably larger, SP°=(4800+700) X 1078172

The volume paramagnetostriction coefficient Sy, gives'
a magnetic Griineisen parameter

4

diny _

Q:+ -
H dlnV X

=38+5 (8)

by use of the value?* 8=70 GPa for the low-temperature
bulk modulus and the average peak value!! of the suscep-
tibility at about temperature 4 K, y=(5.6+0.6)X 1072
emu mol .

This is to be compared with the values 12 (Refs. 8, 14,
and B. Barbara, private communication) and 100,%> 4 ob-
tained by measuring the pressure dependence of the sus-
ceptibility. The thermal Griineisen parameter obtained

MAGNETOSTRICTION (0%¢

1 1

|
10 20 30 40 50

8% (T%)

FIG. 10. Hysteresis in the magnetostriction of CeAl, at tem-
perature 4.2 K with magnetic field along a twofold symmetry
axis and strain along a perpendicular cube axis. The dashed
curves through open circles and the solid curves through solid
circles correspond to different runs, between which the sample
was brought to room temperature.

from the pressure dependence of the linear term in the
electronic specific heat, measured by Berton et al.?

d1ln
Q=42
T Iy ®

is opposite in sign, with the value —40.'* We note, how-
ever, that the positive signs in the definitions of Q; and
Qr in Egs. (8) and (9), while being appropriate for a sys-
tem like a transition metal in which both y and y are in-
versely proportional to a band energy,!* may be inap-
propriate for a heavy-fermion system like CeAl,.

The reason for the large magnetic Griineisen parame-
ter observed in many heavy-fermion systems?® is believed
to be that the spin-fluctuation temperature, which is
equivalent to the single-ion Kondo temperature, depends
exponentially on the volume-dependent hybridization of
the magnetic ion with the surrounding conduction elec-
trons.?” In CeAl, however, while the various volume
Griineisen parameters are all large,!* the values of the
magnetostriction constants A; in Eq. (5) show that the
shear deformation associated with the antiferromagnetic
order is an order of magnitude larger than the volume
strain.

A small amount of hysteresis is observed in the antifer-
romagnetic phase at low fields and temperatures, espe-
cially when the field is applied along a twofold symmetry
axis. This is illustrated in the insert to Fig. 4(b), but in
other cases where the hysteresis is even smaller, or is not
observed at all, we show only the behavior for increasing
field. Such hysteresis is to be expected in a situation
where there is domain-wall motion, as some antiferro-
magnetic domains grow at the expense of others with
changing field, due to magnetic anisotropy.

It is most surprising however to observe pronounced
hysteresis at temperature 4.2 K, where we would expect
CeAl, to be a paramagnet with no long-range order. The
behavior illustrated in Fig. 10 may be due to stress im-
posed on the sample by the differential thermal contrac-
tion with respect to the beryllium-copper base plate to
which it is glued, which induces some part of it to be-
come antiferromagnetic at temperature 4.2 K, about 0.4
K above the normal Néel temperature. The hysteresis
would be associated with antiferromagnetic domain-wall
motion, and it is interesting to note that the effects are
particularly pronounced when the field is along a twofold
symmetry axis, which is similar to the behavior at low
temperatures, as illustrated in Fig. 4(b). We note howev-
er that for other field directions there may be similar hys-
teresis, especially when the field is first applied after cool-
ing, but only the hysteretic behavior for the configuration
shown in Fig. 10 was recorded, because of the large size
of the effect in this case.

CONCLUSION

The strong anisotropy of the large magnetoelastic cou-
pling in CeAl, makes the present study on single-crystal
samples especially interesting. The very large magnitude
of the trigonal shear magnetoelastic constant deserves
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theoretical study. The similarity between the relative
magnitudes of the magnetoelastic constants, which
characterize the changes in strain deformation between
the zero-field antiferromagnetic state and the metamag-
netic state, and the paramagnetic coefficients, is also
worth remarking.
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