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dependences of the elastic properties of
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Pulse-echo-overlap measurements of ultrasonic wave velocity have been used to determine
the elastic-stiffness tensor components C, and the adiabatic bulk modulus, B®, of

a ferromagnetic Heusler structure Cus1MnyAlss at % alloy single crystal as functions of
temperature in the range 14-300 K and hydrostatic pressure up to 0.2 GPa at room
temperature. At 295 K the elastic stiffnesses are: Ciy = 133 GPa, Gy = 92 GPa, C’

(: (C11 — C12)/2) =17 GPa, C12 =99 GPa, CL(: C11 + C44 — C/) = 2056 GPa, and BS

(= G — 4C'/3) = 106 GPa. Cus1MnyAlse is a comparatively soft material elastically because
its elastic properties are influenced strongly by magnetoelastic effects. The results of
measurements of the effects of hydrostatic pressure on the ultrasonic wave velocity have
been used to obtain the hydrostatic-pressure derivatives of the elastic—stiffness tensor
components. At 295 K (0C11/0P)p=0, (0Cs4/ OP)p=0, (0C'/OP)p=0, (0C12/ OP)p=0o, (0C/OP)p=o, and
(0B%/0P)p—¢ are 5.0 + 0.1,3.0 + 0.1, 1.0 + 0.2, 3.0 + 0.3, 7.7 + 0.4 and 3.7 + 0.4, respectively.
Application of hydrostatic pressure does not induce acoustic-mode softening: the pressure
derivatives (0C,/0P)p-o and (0B°/0P)r-, and the acoustic-mode Griineisen parameters are
positive. An interesting feature of the non-linear acoustic behaviour of this alloy is that the
value obtained for (0C'/0P)p=0, associated with the softer shear mode propagated along the
[110] direction and polarized along the [110] direction, is small in comparison with those of
the other shear and longitudinal modes. The Griineisen parameter of this mode, and hence

its vibrational anharmonicity, is much larger than those of the other long-wavelength
acoustic phonon modes. © 7998 Kluwer Academic Publishers

1. Introduction

Magnetoelastic effects can have important ramifica-
tions in the elastic properties of ferromagnetic three-
dimensional alloys, prompting an ultrasonic study of
the effects of temperature and hydrostatic pressure on
the elastic behaviour of monocrystalline, ferromag-
netic Heusler alloy, Cuy;Mn,oAls at % alloy. Pre-
viously the elastic—stiffness moduli of a single-crystal
Cu,MnAl Heusler alloy have been measured at room
temperature [1] and in the temperature range
77-295 K at atmospheric pressure [2]; the alloy
Cuy1Mn,oAlsg studied here differs markedly in com-
position but the Heusler alloy structure has a wide
existence range. In the present work ultrasonic wave
velocity measurements have been made down to 14 K.
The effects of pressure on the elastic behaviour of
copper—manganese—aluminum alloys, including those
with compositions in the range that have the Heusler
structure, are unknown. To establish the non-linear
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acoustic properties of Cuy;Mn,oAlse, ultrasonic wave
velocities have been measured as a function of hydros-
tatic pressure up to 0.2 GPa at room temperature. The
outcome of this experimental work has been the deter-
mination of each of the independent second-order
elastic—stiffness tensor components and related elastic
properties and how they vary with temperature and
pressure. The present results provide intriguing phys-
ical insight into the elastic and non-linear acoustic
properties of Cuy; Mn,oAlz — part of a programme of
experimental investigation of magnetoelasticity in
three-dimensional ordered alloys and compounds.

2. Experimental procedure

Alloy single crystals were grown by a Czochralski
method from a levitated melt that is described else-
where [3]. The crystal was grown by a lowering
through the melting point (1223 K) at a pulling rate of
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3mmh !, 60 rotations min " !, in an Ar atmosphere of
1.05 kPa. It was not subjected to a subsequent anneal-
ing procedure. The sample used for ultrasonic
measurements was homogeneous, with a mosaicity of
about 1°. The crystal quality of this cubic material was
examined by taking Laue back-reflection photographs
along the boule; it has the Heusler alloy structure.
Microprobe examination scans around the crystal
showed that its composition was within + 1 at % of
Cuy1Mn,,Alsg using energy dispersive X-ray micro-
analysis. The crystal was orientated to +0.5° on
a three-arc goniometer using Laue back-reflection
photography. A sample in the shape of a parallel-
epiped with dimensions 6.255, 6.349 and 6.504 mm?,
which was large enough for precision measurements of
ultrasonic wave velocities, was cut and polished with
faces, normal to the [001] and [110] crystallographic
axes, flat to surface irregularities of about 3 um and
parallel to better than 1073 rad.

To generate and detect ultrasonic pulses, X- and
Y-cut (for longitudinal and shear waves, respectively)
10-MHz quartz transducers were bonded to the speci-
men using Nonaq stopcock grease for low-temper-
ature experiments. Dow resin was used as the bonding
material for high-pressure experiments. With the ex-
ception of the C’" mode, whose ultrasonic wave velo-
city under pressure was measured in a saturation
magnetic field of 1.2 T (see Section 3.2.), ultrasonic
experiments were carried out in the absence of a mag-
netic field. Ultrasonic pulse transit times were meas-
ured using a pulse-echo-overlap system [4], capable of
resolution of velocity changes to 1 part in 10° and
particularly well suited to determination of pressure-
or temperature-induced changes in velocity. The
temperature dependence of ultrasound velocity was
measured between 14 and 300 K using a closed-cycle
cryostat. The dependence of ultrasonic wave velocity
upon hydrostatic pressure was measured at room tem-
perature. Hydrostatic pressure up to 0.2 GPa was
applied in a piston-and-cylinder apparatus using sili-

cone oil as the pressure-transmitting medium. Pres-
sure was measured using a pre-calibrated manganin
resistance gauge. Pressure-induced changes in the
sample dimensions were accounted for by using the
“natural velocity (W)” technique [5,6].

3. Results
3.1. Temperature dependence of the
elastic—stiffness tensor components
The adiabatic elastic—stiffness components, C1y, Cyy,
C'[=(Cyy —C1y)/2],Cryand Ci(= Cyy + Cyq — C7);
the adiabatic bulk modulus, BS(= C;; — 4C’/3); the
elastic Debye temperature, ®%; and the elastic anisot-
ropy ratio, A(= Cy4/C’), determined at room temper-
ature and atmospheric pressure from the ultrasonic
velocity data and sample density (6490 kgm~3), are
given in Table I. The results obtained for the elastic
stiffnesses of Cu,Mn,oAlse are similar to those re-
ported for a Cu,MnAl Heusler alloy crystal [2] and
Cu, _,Mn; _ Al alloys (x = 0.8, 0.7 and 0.6) [7]. The
value determined for ®% is substantially higher than
that (= 330 K) deduced from low-temperature speci-
fic-heat data for a Heusler alloy of composition
Cug.484Mng 24Alg 276 [8]. The CuyyMn,oAlse alloy
studied here has a large value of 5.4 for the elastic
anisotropy ratio. Micheluti et al. [2] obtained a strong
elastic anisotropy in their Cu,MnAl crystal (Table I),
which accounted for the large anisotropy observed
in the magnetostriction coefficients. Although the
magnetocrystalline anisotropy of Cu,MnAl was
found to be very small, being two orders of magnitude
smaller than that of nickel, the magnetoelastic contri-
bution to the observed magnetic anisotropy was
significant [2].

In ferromagnetic and antiferromagnetic three-di-
mensional alloys the elastic—stiffness tensor compon-
ent, C{; (and the bulk modulus), are often small
compared with those of the parent elements; this is
also true for Cy, which corresponds to a longitudinal

TABLE I The elastic and non-linear acoustic properties of the ferromagnetic Cu,;Mn,Als, alloy determined at room temperature and

atmospheric pressure in comparison with those of other Mn alloys

Description Cuy MnjoAlse Cu,MnAl Ni,MnGa Mn3Ni,, Mn5Pt,,
elastic-stiffness (from [2]) (from [16]) (from [10]) (from [11])
components,

Cy1 (GPa) 133 +1 135.8 136 +3 129 94.2

C4s (GPa) 92 +1 93.9 102 4+ 3 98 84.7
C'[(=Cy; — Cy,)/2] (GPa) 17 +2 - 22+2 26 29.2

Cy, (GPa) 99 +2 - 77 35.8
CL[(=Ci1 + Cuy — C')/2] (GPa) 205+3 210.0 22249 201 149.7
Bulk modulus, BS, GPa 106 + 4 - 94 55.2
Debye temperature, @, K 393 376

Anisotropy ratio, C,4/C’ 5.4 49

(0C411/0P)p—¢ 50+0.1 5.2 6.2
(0C44/0P)p=¢ 3.0+ 0.1 3.5 43
(0C'/OP)p=o 1.0+02 0.9 1.0
(0C12/0P)p=0 3.0+03 32 4.5
(0CL/0P)p—0 7.7+04 7.7 9.5
(0BS/0P)p—, 37+04 3.9 4.8
Mean acoustic Griineisen 19402 1.59 1.35

parameter, y°!
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wave-propagated along a {(110) direction [9]. Ferro-
magnetic Cuy;Mn,oAlzg also shows long-wavelength
longitudinal acoustic phonons that are relatively soft
and a comparatively small bulk modulus. There is
striking similarity between the values of elastic stiff-
ness Cyy obtained for the Cuy;Mn,Alze alloy and
those measured for antiferromagnetic Mn,3Ni,; and
Mn,gPt,, alloys [10, 11], see Table 1. The longitudi-
nal acousticcmode softening due to the mag-
netovolume interaction, which results in a small value
for C,{, can be instrumental in reducing
C'[=(Cy; — Cy,)/2] in turn. An important feature of
this ferromagnetic Cu,;Mn,oAlse alloy is the very
small value of shear stiffness, C’ associated with the
ultrasonic waves propagated along the [110] direc-
tion and polarized along the [110] direction: this
shear mode is markedly soft. A small value of the shear
stiffness, C’, enabled {110} slip in a single-crystal alloy
with composition Cus, ;Mn,, 5Alys0 [1, 12]. A very
low value and a softening of the shear stiffness, C’,
with decreasing temperature have been found in -
phase AuCuZn, [13], Cu, ;. Mn, _ Al alloys (x = 0.8,
0.7 and 0.6) [7], and ferromagnetic Ni,MnGa alloy
[14-16].

A small value of C’ often implies a lattice instability
against the soft shear acoustic phonons propagating
in the [110] direction and polarized parallel to the
[110] direction, which can lead to a displacive phase
transition [13, 17]. This occurs in the ferromagnetic
Ni,MnGa alloy, which undergoes a martensitic phase
transition from the L2, structure to a modulated
crystal structure having an approximately tetragonal
symmetry [14—16]. Ultrasonic wave velocity measure-
ments as a function of temperature have revealed
a pronounced dip in the value of (C,;; — Cy,)/2 in the
vicinity of the martensitic transition temperature [16].

The temperature dependences of the adiabatic elas-
tic stiffness C;, Cy, and C44 are shown in Fig. 1. They
were obtained from the sample density and the vel-
ocities of ultrasonic waves propagated along the
[001] and [110] directions of the CuyiMn,oAlsg
crystal as it was cooled from 300 K down to 14 K.
Corrections for changes in sample length and density
have not been made because the thermal expansion of
this alloy has not been measured; however, the correc-
tions on elastic moduli are not expected to be greater
about 1%. The longitudinal C;; and C; and the shear
Cy, elastic stiffnesses increases smoothly with decreas-
ing temperature and do not show any pronounced
unusual effects. These elastic moduli increase steadily
in the usual way, as the temperature is decreased to
about 100 K and then level off with a progressively
decreasing slope. There was no thermal hysteresis in
the elastic moduli of the three modes and no irrevers-
ible effects, when the alloy was cycled between room
temperature and 14 K. This indicates that decomposi-
tion or phase precipitation do not occur in this tem-
perature range [7, 18]. The Curie temperature of this
alloy is sufficiently high (~ 600 K), that any effects of
the magnetic transition on the temperature depend-
ence of Cyy in the range below 300 K can be neglected.
The value of C’ increases approximately linearly with
decreasing temperature from 300 K down to 14 K,
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Figure 1 Temperature dependences of the adiabatic elastic—stiff-
ness tensor components. (a) C;q, (b) Cp(= Cy; + C44 — C’), and
(c) Cg4q4 of the CuyyMn,oAls, single crystal.

and the average temperature gradient is very small:
(0C'/OT)p=o = — 0.0064 GPaK .

3.2. Hydrostatic-pressure dependences of
the utrasonic wave velocities and
elastic stiffness components

The ultrasonic wave velocities associated with the

longitudinal Cy; and C; and the shear C,4 and C’

modes increase approximately linearly with pressure

(Fig. 2). The pressure dependence of the velocity of the

C'mode was measured in a saturation magnetic field

of 1.2 T parallel to the wave propagation direction,

which substantially improved the pulse-echo train of
this highly attenuated mode and allowed satisfactory
measurements to be made. The data for all modes are
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Figure 2 Hydrostatic-pressure dependences of the velocities of 10-
MHz ultrasonic waves in the Cuy;Mn,oAl;o alloy at room temper-
ature: (a) longitudinal mode propagated along the [001] direction,
(b) longitudinal mode propagated along the [110] direction,
(c) polarized shear mode propagated along the [001] direction, and
(d) [110] polarized shear mode propagated along the [110] direc-
tion (measured in a magnetic field of 1.2 T): @ measurements made
with increasing pressure, (O) data measured as the pressure was
decreased.
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reproducible under pressure cycling and show no
measurable hysteresis effects. This observation indi-
cates that the Cuy;Mn,oAlse crystal does not alter
under pressure cycling up to 0.2 GPa at room temper-
ature and there is no relaxation of any residual stress.
The hydrostatic-pressure derivatives (0Cyy/0P)p=( of
the elastic—stiffness tensor components have been ob-
tained from the ultrasonic velocity measurements un-
der pressure by using [6]

oCy\ 21
<W>P—O = (CIJ)PO<f_O + ﬁ)}uo (1)

where BT is the isothermal bulk modulus, f, is the
pulse-echo-overlap frequency at atmospheric pressure
and f’ is its pressure derivative. In the absence of
thermal expansion and specific-heat data, BS has been
used rather that BT throughout the calculations, a
procedure that introduces only a negligible error. The
hydrostatic-pressures  derivatives  (0Cy/0P)p—o,
in the zero pressure limit, of this ferromagnetic
Cuy,1Mn, Al alloy all have positive values (Table ).
The elastic stiffnesses and thus the slopes of the acous-
tic-mode dispersion curves, at the long-wavelength
limit, increase with pressure in the normal way. The
application of pressure to Cuy;Mn,oAls9 does not
induce acoustic-mode softening. The values obtained
for (0Cyy/0P)p=¢ of Cuy;Mn,Alsg are similar to those
found for face centred cubic (f.c.c.) Mn—Ni and Mn—Pt
alloys (Table I). The pressure derivatives of the elastic
stiffness of Cu,iMn,oAlzy follow the common trend
found for «cubic crystals (0C;{/0P)p=q > (0C44/
OP)p—=o > (0C'/OP)p=o. The largest pressure deriva-
tive is (0C;{/0P)p=o implying that the higher-order
elastic effects are dominated by nearest-neighbour re-
pulsive forces. It should be noted that the value ob-
tained for (0C’/OP)p-( is very small in comparison
with those of the other shear and longitudinal modes,
again emphasizing the fact that the shear mode
propagated in the [110] direction and polarized along
the [110] direction is markedly soft, although it does
not soften further under pressure or when temperature
is lowered.

The measurements of the elastic stiffnesses and their
hydrostatic-pressure derivatives have been used to
calculate the volume compression, V(P)/V,, of
Cuy1Mn,Alse up to very high pressures, using an
extrapolation method based on the Murnaghan equa-
tion of state in the logarithmic form [19]. The calcu-
lation has been performed at room temperature and
results are shown in Fig. 3. The comparatively large
magnitude of the volume compression for Cuy;Mn,,
Als, is typical of that for three-dimensional transition-
metal alloys containing Mn, in which the mag-
netoelastic interaction reduces the bulk modulus [11].

3.3. Griineisen parameters and acoustic-
mode vibrational anharmonicity
Properties of a solid that depend upon thermal
motion of the atoms are much influenced by anhar-
monicity. It is usual to describe the anharmonic prop-
erties in terms of Griineisen parameters, which
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Figure 3 Volume compression of Cuy;Mn,oAlze at room temper-
ature extrapolated to very high pressures using Murnaghan’s [19]
equation of state.

quantify the volume or strain dependence of the lattice
vibrational frequencies. The dependence of the acous-
tic-mode frequency, ®,, in a phonon branch, p, on
volume V, can be expressed as a mode Griineisen

parameter
_ d(lnw,)
%= [a(ln V)Lo ?

which can be obtained from the measurements of
Cyy and (0Cy/0P)p=(. The acoustic-mode Griineisen
parameters of Cuy;Mn,oAlzq at 295 K, calculated us-
ing the equations developed by Brugger and Fritz
[20], are shown in Fig. 4 as a function of propagation
direction. Both longitudinal and shear mode y are
positive. The Griineisen parameters for the longitudi-
nal and quasi-longitudinal modes are almost in-
dependent of propagation direction. However, the
Griineisen parameter associated with the soft shear
mode propagated along the [110] direction and po-
larized along the [110] direction is substantially lar-
ger than that of the longitudinal modes; this is an
anomalous behaviour resulting from large vibrational
anharmonicity, a common feature in materials in
which the shear stiffness, C’, is small.

The mean acoustic Griineisen parameter, ¥¢!, which
is a measure of the overall contribution of zone-centre
acoustic modes to the lattice vibrational anharmonic-
ity, has been calculated by summing all of the long-
wavelength acousticcmode Griineisen parameters
with the same weight for each mode using

3
yel=) f deQ/Sf dQ (3)
P=1JQ Q
where the integration is over the whole space, Q.
A value of 1.9 has been obtained for 7
of Cuy;Mn,pAl3e in accord with that of many
three-dimensional cubic crystals (see for instance
[9]). The thermal Griineisen parameter 7yt
(= aVBS%/Cp) cannot be calculated because the ther-
mal expansion, o, and specific heat, Cp, data are not

yet available.
In ferromagnetic crystals there is a contribution to
the total energy arising from the interatomic magnetic
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Figure 4 Long-wavelength longitudinal (—) and shear (——,--)

acoustic-mode Griineisen parameters as a function of mode propa-
gation direction for Cuy;Mn,oAlsze at room temperature.

interactions between the aligned magnetic moments.
Because the elastic-stiffness tensor components, Cyy,
are directly related to the second derivatives of the free
energy with respect to strain, they include an intrinsic
contribution due to magnetic ordering. The hydro-
static-pressure derivatives, (0Cy/0P)p =, of the elastic
stiffness moduli are related to the third derivatives of
the free energy, and hence to the vibrational anhar-
monicity of the long-wavelength acoustic phonons,
and so the acoustic-mode Griineisen parameters also
include magnetoelastic contributions, which play an
important role in the determination of the elastic and
non-linear acoustic properties shown by this fer-
romagnetic alloy.

4. Conclusions

The velocities of pure ultrasonic modes propagated
along the [001] and [110] directions of ferromagnetic
Cuy1Mn,,Alsg single crystal have been measured as
functions of temperature and hydrostatic pressure.
There are several interesting features to note, which
shed light on the elastic and non-linear acoustic and
lattice dynamical properties of this alloy. They can be
summarized as follows:

1. The Cuys1Mn,oAl;, alloy is a comparatively soft
material elastically. Its volume-dependent elastic stiff-
nesses C;; and Cp, and the bulk modulus, BS, are
small in comparison with those of three-dimensional
transition-metal elements. The elastic properties are
influenced strongly by magnetoelastic effects.

2. The value of the shear elastic stiffness, C’
[=(Ci1—C1,)/2], associated with the ultrasonic
waves propagated along the [110] direction and po-
larized along the [110] direction, is small; this shear
mode is markedly soft. In consequence the elastic
anisotropy ratio is large.

3. The hydrostatic-pressure derivatives, (0Cyy/
OP)p-,, of the elastic stiffness and (8B%/0P)p—, of the
bulk modulus have positive values. Application of
pressure does not induce acoustic-mode softening.
Nevertheless, the value found for (0C’/0P)p~-, is very
small in comparison with those of the other shear and
longitudinal modes.
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4. The long-wavelength acoustic-mode Griineisen
parameters at room temperature have normal values
but significantly are large in the branch that includes
the soft C' mode, which therefore exhibits a high
vibrational anharmonicity.
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