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To search for ramifications of magnetovolume effects in the magnetoelasticity of Co-Mn alloys, the elastic
and nonlinear acoustic properties of single crystals with compositions Co75Mn25, Co68Mn32, Co52Mn48, and
Co46Mn54, which have different magnetic configurations, have been determined ultrasonically. Pulse-echo-
overlap measurements of the velocities of ultrasonic modes have been used to determine the three independent
elastic-stiffness tensor componentsCIJ and the adiabatic bulk modulusB

S, as a function of temperature in the
range from 4.2 up to about 800 K, and the pressure derivatives (]CIJ /]P)P50 and (]BS/]P)P50 at room
temperature. These measurements of the elastic and nonlinear acoustic behavior of fcc Co-Mn alloys assist
understanding of the structural and magnetic phase stability in this alloy system. Two of the alloys studied
~Co52Mn48 and Co46Mn54! are antiferromagnetic at room temperature; their elastic-stiffness tensor components
and bulk moduli are affected by the onset of antiferromagnetic ordering and strong magnetoelastic coupling in
the antiferromagnetic phase. The Co68Mn32 alloy, with composition centered between the superantiferromag-
netic and superparamagnetic regions in the phase diagram, does not undergo any transition. The temperature
dependences of the elastic stiffnesses associated with the three independent ultrasonic modes propagated in the
austenite and martensite phases of the ferromagnetic Co75Mn25 alloy show that thee→g transition is strongly
first order; the absence of long-wavelength acoustic-mode softening shows that its driving mechanism is not
elastic in origin. Application of pressure does not induce acoustic mode softening for any of these alloys: the
pressure derivatives (]CIJ /]P)P50 and (]BS/]P)P50 are positive. The long-wavelength longitudinal-
acoustic-mode Gru¨neisen parameters of antiferromagnetic Co46Mn54 show the unusual feature of being smaller
than those for the shear waves: magnetovolume contributions to vibrational anharmonicity are stronger for
longitudinal than for shear waves. The longitudinal-mode gammagL@110# of this Co46Mn54 alloy passes through
a maximum value of 7.0 at 388 K: the vibrational anharmonicity of this mode is markedly enhanced in the
vicinity of the Néel temperature.@S0163-1829~97!06017-7#
c
ith
-

to
to
a
nd
-
-

s

e
a
is
e
a

ncol-

res
as
ies

le
e
e
e

et
-
ure-
me

ra-
g-
to
I. INTRODUCTION

Transition-metal elements and alloys with the fcc stru
ture can show instabilities of their magnetic moments w
respect to atomic volume.1–4 Structural martensitic transi
tions, and also Invar behavior, in magnetic 3d alloys are
driven by magnetovolume effects originating in magne
elastic interactions. As the electron concentration per a
~e/a ratio! alters across the Co-Mn binary-system, these
loys show a complex pattern of intriguing structural a
magnetic phase stabilities.5,6 The parent elements are them
selves multiphase. At 417610 K ferromagnetic cobalt un
dergoes a martensitic phase transition from the hcpe phase,
stable at room temperature, to the fccg allotropic form,
which is then retained up to the melting point. Mangane
has four different phases; the fccg allotrope has a very lim-
ited range~1373–1411 K! of phase stability, which can b
enhanced by alloying with a neighboring element such
cobalt. g Mn is a type-I antiferromagnet; the fcc lattice
frustrated: it is not possible for every atomic spin to hav
nearest neighbor with an opposing spin, and theoretical
550163-1829/97/55~17!/11181~10!/$10.00
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pects are interesting because the magnetism may be no
linear. Competing ferromagnetic~FM! and antiferromagnetic
~AFM! interactions are one of the more fascinating featu
of the binary Co-Mn alloys. A magnetic phase diagram h
been compiled from magnetic and neutron diffraction stud
on polycrystalline samples;5 in a simplified version the
«→g and g→« transitions are represented by sing
boundaries.6 Alloys containing up to about 25 at. % Mn ar
ferromagnetic,7 while above about 43 at. % Mn they ar
antiferromagnetic.8 These magnetic alloys can show larg
magnetovolume effects and Invar behavior.2,9,10 Co-rich al-
loys in the Co1002xMnx system withx,25 at. % show the
fcc ~g! to hcp ~«! martensitic transition. However, the ons
of long-range AFM order atx.32 at.% causes a large in
crease in the atomic volume. Thermal expansion meas
ments have shown that there are positive magnetovolu
effects in both the FM and AFM ground states.11 For alloys
with 25,x,43 at. % the phase diagram indicates a pa
magnetic ~PM! state with possibilities of superparama
netism or superantiferromagnetism for compositions close
the FM and AFM regions, respectively.5 It may be useful to
11 181 © 1997 The American Physical Society
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recall that the concept of superantiferromagnetism was in
duced by Ne´el12 to describe the magnetic behavior of a
ensemble of finely dispersed antiferromagnetic NiO p
ticles; its present status can be assessed from a review o
particle magnetic oxides.13 The existence of superantiferro
magnetism in fcc Co-Mn alloys in the composition ran
33–52 at. % Mn has been attested to in magnetic neu
diffraction studies.14

Anomalies found previously15 in the temperature depen
dences of the elastic stiffnesses of an AFM Co46Mn54 alloy
in the vicinity of the Néel temperature (TN) have indicated
strong magnetoelastic coupling in this alloy, which sho
Invar anomalies in the thermal expansion. The observa
that magnetovolume instabilities and magnetoelastic inte
tions have important ramifications in the elastic properties
Co46Mn54 prompted a more comprehensive ultrasonic stu
of the elastic and nonlinear acoustic behavior of ot
monocrystalline alloys in this binary system. In addition
examining fundamental elastic behavior, ultrasonic wave
locity measurements provide a powerful tool for study
magnetic or structural phase relationships. In an AFM or F
crystal there is a contribution to the total energy arising fr
the interatomic magnetic interactions between the alig
magnetic moments. Since the elastic-stiffness tensor com
nentsCIJ are directly related to the second derivatives of
free energy with respect to strain, they include an intrin
contribution due to magnetic ordering. The hydrostat
pressure derivatives (]CIJ /]P)P50 of the elastic-stiffness
moduli are related to the third derivatives of the free ene
with respect to strain, and hence to the vibrational anhar
nicity of the long-wavelength acoustic phonons, and so m
also include magnetoelastic contributions. To provide inf
mation needed to develop an understanding of the struc
and magnetic phase stabilities in the Co-Mn alloys and in
itself, the alloys investigated include one in the FM comp
sition range, which undergoes«→g and g→« transitions,
and others in the AFM and PM regions of the phase diagr
To examine experimentally how the development of antif
romagnetic ordering influences the vibrational anharmoni
of acoustic phonons, a little known aspect of magnetoelas
ity, the effects of pressure on the velocity of longitudin
ultrasonic waves propagated in Co46Mn54 have been mea
sured as a function of temperature up into the vicinity
TN .

II. EXPERIMENTAL PROCEDURE

Co-Mn alloy single crystals, with compositions given
Table I~a!, were grown from high-purity elements by a mod
fied Bridgman-Stockbarger process. Inspection of the ph
diagram5,6 reveals that the Co75Mn25 alloy comes in the FM
phase region and can be expected to undergo«→g and the
reverseg→« transitions, when its temperature is altere
The paramagnetic Co68Mn32 alloy has a composition near th
center of the region of the phase diagram between the su
antiferromagnetic~SAF! and superparamagnetic~SP! forms.
The Co52Mn48 and Co46Mn54 alloys are in the AFM phase a
room temperature. Crystal quality was examined by tak
Laue back-reflection photographs along the boule. Mic
probe analysis scans around the crystal showed their com
sitions were within61 at. % of their stated concentration
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The crystals were orientated to60.5° on a three-arc goni
ometer using Laue back-reflection photography. Samp
large enough for precision measurements of ultrasonic w
velocities, were cut and polished to have two faces, nor
to the@110# crystallographic axis, flat to surface irregularitie
of about 3mm and parallel to better than 1023 rad. After
completion of the@110# mode experiments, the Co68Mn32,
Co52Mn48, and Co46Mn54 alloys crystals were recut along th
@001# crystallographic axis to enable measurements to
made at room temperature ofC11, C44, (]C11/]P)P50 , and
(]C44/]P)P50 , to check internal consistency of the resul

To generate and detect ultrasonic pulses,X- or Y-cut ~for
longitudinal and shear waves, respectively! 10-MHz quartz
transducers were bonded to the specimen using ApiezoN
for low-temperature experiments; Krautkra¨mer ZGM high-
temperature coupling paste was employed to make meas
ments above room temperature. Dow resin was used
bonding material for high-pressure experiments. Ultraso
pulse transit times were measured using a pulse-echo-ove
system,16 capable of resolution of velocity changes to 1 p
in 105 and particularly well suited to determination of pre
sure or temperature-induced changes in velocity. The t
perature dependence of ultrasound velocity was meas
between 4.2 and 800 K. The dependence of ultrasonic w
velocity upon hydrostatic pressure was measured at ro
temperature for the longitudinal and both shear wave mo
propagated in̂110& and^001& directions in the alloys and up
to 423 K for the longitudinal mode propagated in^110& di-
rection in Co46Mn54. Hydrostatic pressure up to 0.16 GP
was applied in a piston-and-cylinder apparatus using silic
oil as the pressure-transmitting medium. Pressure was m
sured using a precalibrated manganin resistance ga
Pressure-induced changes in the sample dimensions wer
counted for by using the ‘‘natural velocity (W)’’
techniques.17,18

III. THE ELASTIC STIFFNESS TENSOR COMPONENTS
OF Co-Mn ALLOYS

The velocities of the three ultrasonic modes, propaga
along the@110# direction, and the sample density have be
used to determine the elastic stiffnessesCL„5(C111C12
12C44)/2…, C8„5(C112C12)/2…, andC44. The results, to-
gether with those ofC11 andC44, obtained from the longi-
tudinal and shear modes propagated along the@001# direc-
tion, and the bulk modulusBS

„5(C1112C12)/3…, at room
temperature are given in Table I~a!. The elastic compliance
tensor componentsSIJ

S , and the linearK11
S and volumeKS

compressibilities of Co-Mn alloys at room temperature a
given in Table II. Like those of other AFM Invar alloys
whose elastic-stiffness tensor components are compile
Table I~b!, the volume-dependent elastic stiffnessesC11 and
CL and the bulk modulusBS of Co-Mn alloys are small in
comparison with those of the parent 3d transition metals and
Ni, Fe @Table I~b!# and hcp Co~C115306 GPa,C335357
GPa,C125165 GPa,C135102 GPa,C8571 GPa,C44575
GPa andBS5190 GPa25!.

In general, Invar anomalies are observed ford
transition-metal FM alloys having ane/a ratio of about 8.5
and AFM alloys withe/a about 7.5.2,10 When thee/a ratio
comes into the AFM and FM Invar regimes, the values of
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TABLE I. ~a! Elastic stiffness tensor componentsCIJ , adiabatic bulk modulusBS, lattice parameter,
density,e/a ratio, and shear anisotropy ratioA of fcc Co-Mn alloys.~b! Elastic stiffness tensor componen
CIJ , bulk modulusB

S, e/a ratio, and shear anisotropy ratioA of transition-metal elements and alloys at roo
temperature.

~a!

CIJ

~GPa!

Co75Mn25
~293 K!

FM, austenite
phase

Co68Mn32
~293 K!
PM

Co52Mn48
~291 K!
AFM

Co46Mn54
~298 K!
AFM

@110# mode @001# mode @110# mode @001# mode @110# mode @001# mode

C11 184.461.4 198.66 3.4 197.861.0 178.46 3.2 177.361.0 158.06 3.0 158.761.0

C44 137.460.7 141.96 2.8 143.662.8 124.66 2.6 126.862.8 130.26 2.1 129.662.8

C12 99.861.3 100.36 3.7 91.66 3.5 81.46 3.3

C8 42.360.3 49.16 0.8 43.46 0.7 38.36 0.6

CL 279.561.0 291.36 4.1 259.06 5.1 249.96 4.2

BS 128.061.3 133.162.0 120.562.1 107.061.9

lattice
parameter

0.3575 0.3584 0.3606 0.3626

density
(kg m23)

8470 8362 7970 7870

e/a 8.5 8.36 8.04 7.92

A 3.25 2.89 2.74 3.4

~b!

CIJ

~GPa! Ni Fe

Fe60Mn40
~293 K!
AFM

Mn73Ni27
~293 K!
AFM

Mn80.5Ni19.5
~293 K!
AFM

Mn78Pt22
~293 K!
AFM

Co68Ni32
~295 K!
FM

Fe72Pt28
~290 K!
FM

Ref. 19 19 20 21 21 22 23 24

C11 247 230 17061 129 113 94.260.1 238.7 143.9

C12 153 136 9862 77 48 35.860.1 155.3 107

C44 122 117 14161 98 110 84.760.3 131.5 80

C8 47 47 3661 26 32 29.260.1 41.7 18.2

CL 322 309 27565 201 191 149.7 328.5 205.5

BS 184 167 12362 94 70 55.260.3 183.1 120

e/a 10 8 7.60 7.81 7.58 7.66 9.32 8.56

A 2.60 2.49 3.92 3.77 3.44 2.90 3.15 4.4
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elastic moduli tend to be comparatively small.20–22

Lenkkeri26 has noted systematic trends with electron conc
tration for the elastic stiffnesses of fcc alloys of 3d transition
metals in the range fromg Mn (e/a57) to Cu (e/a511).
The bulk modulusBS and the shear elastic stiffnessesC8 and
C44 of the Co-Mn alloys conform with these trends. Furthe
more for the AFM and FM Co-Mn alloys the tensor comp
nent C11 is small compared with those of the parent e
ments; this is also true forCL, which corresponds to a
longitudinal wave propagated along a^110& direction@Table
-

-

-

I~a!#. This implies that long-wavelength longitudinal acous
phonons are relatively soft. Another instructive observat
is that the longitudinal elastic stiffnessesC11 andCL and the
bulk modulusBS of the fcc Co-Mn alloys are also sma
compared with those of the FM fcc Co68Ni32 alloy @Table
I~b!#. Total-energy band calculations3,27 for FM alloys, using
a fixed-spin-moment~FSM! procedure, have established th
the energy-volume curve has a low-spin~LS! minimum cen-
tered at low volume and a high-spin~HS! minimum at high
volume. For FM Invar alloys the HS solution defines t
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11 184 55G. A. SAUNDERSet al.
ground state at low temperatures and the LS solution defi
the ground state at high temperatures. The energy differe
DE(5ELS2EHS) between the minima of the LS and H
branches is large and positive for an alloy with ane/a ratio
greater than 9. Hence such an alloy shows either no, or sm
magnetovolume effects. The Co68Ni32 alloy has ane/a ratio
of 9.32, outside the range for the FM Invars, and in con
quence is a stable fcc ferromagnet.10 Therefore, the elastic
stiffness tensor components and the bulk modulus of
Co68Ni52 alloy @Table I~b!# are comparable with those o
transition-element metals—substantially larger than thos
the Co-Mn alloys@Table I~a!#.

The theoretical explanation of the source of the Invar
havior in FM alloys can be extended to AFM alloys with th
proviso that such systems must be characterized by AFM
nonmagnetic~NM! states and that the FM HS state is r
placed by an AFM HS state which, at low temperatures,
a minimum at a lower energy than the NM state.3,27 The
reduction of the longitudinal-mode stiffness in the AFM sta
of Co46Mn54 due to the magnetoelastic interaction leads
turn to a bulk modulusBS(5107 GPa) which is much
smaller than those of hcp Co@BS5190 GPa~Ref. 25!# and
fcc Co68Ni32 alloy @BS5183 GPa~Ref. 23!#. Longitudinal-
mode softening due to the magnetovolume interaction, wh
results in a small value forC11, can be instrumental in re
ducing (C112C12)/2 in turn—as it does ing Mn-Ni ~Ref.
21! and Mn76Pt22 ~Ref. 22! alloys. Due to the small value o
the shear modulus (C112C12)/2, those Mn alloys@Table
I~b!# and the Co-Mn alloys@Table I~a!# have a large value o
the shear anisotropy ratioA(5C44/C8). Small shear-mode
stiffness enhanced by softening can be instrumental bot
enabling martensitic phase transformation and in promo
Invar behavior in transition-metal alloys. We will consid
whether this happens in the Co-Mn alloys in the next sect

IV. THE TEMPERATURE DEPENDENCES
OF THE ULTRASONIC WAVE VELOCITIES

AND ELASTIC-STIFFNESS TENSOR COMPONENTS
OF Co-Mn ALLOY

The elastic stiffnessesCL , C44, and C8 and the bulk
modulusBS of the Co68Mn32 single-crystal alloy increase
smoothly with decreasing temperature and show an appr
mately linear temperature dependence over a wide rang
temperatures from 700 down to about 100 K, and approa
K with a zero slope~Fig. 1!. In the absence of instability du
to an incipient phase change, such an increase in elastic
ness with decreasing temperature is generally expected
consequence of the vibrational anharmonicity. This alloy
the composition at which the superparamagnetic and su
antiferromagnetic phase lines intersect at low temperature
the magnetic phase diagram;5 however, there are no indica
tions that it shows effects which might correspond to su
transitions in the temperature range of the experiments~Fig.
1!. Hence, Co68Mn32 can be thought of as a reference ma
rial in assessment of the elastic properties of the param
netic state of Co-Mn alloys.

The behavior with temperature of the elastic-stiffness t
sor components of the alloy of composition Co46Mn54, also
shown in Fig. 1, has been interpreted in some de
previously.15 Ultrasonic velocity measurements made for t
es
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FIG. 1. The temperature dependences of the elastic-stiffne
~a! CL , ~b! C44, ~c! C85(C112C12)/2, and~d! the adiabatic bulk
modulusBS for the Co46Mn54 and Co68Mn32 alloys. The pulse-
echo-overlap method~Ref. 16! used to make these measurements
capable of resolution of velocity changes to 1 part in 105: the struc-
ture of the velocity-temperature dependence is reliable, while
absolute error corresponds to that quoted in Table I~a!.
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TABLE II. The elastic compliance tensor componentsSIJ
S and the linearK11

S and volumeKS compress-
ibilities of Co-Mn alloys at room temperature.

Elastic
compliances
(10211 Pa21)

Co75Mn25
~293 K!

austenite phase
Co68Mn32
~293 K!

Co52Mn48
~291 K!

Co46Mn54
~298 K!

S11
S 0.87560.006 0.76260.019 0.86060.019 0.97460.019

S12
S 20.30760.004 20.25660.007 20.29260.007 20.33160.007

S44
S 0.72860.004 0.70560.015 0.80260.015 0.76860.015

K11
S (1021 Pa21) 0.26060.006 0.25060.006 0.27760.006 0.31260.006

KS (10211 Pa21) 0.78160.019 0.75160.019 0.83060.019 0.93660.019
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Co52Mn48 alloy, which also undergoes a paramagnetic
AFM transition, show rather similar, but not so well pr
nounced features as those observed for Co46Mn54. In the
vicinity of the Néel temperature, estimated for Co46Mn54
from the anomaly in the elastic stiffnesses as 425 K, all
elastic-stiffness tensor components are affected by the o
of antiferromagnetic ordering and strong magnetoelastic c
pling: there is a reduction in the elastic stiffnessesCL and
(C112C12)/2; in the case ofC44 there is a change of slope t
a higher value@see Figs. 1~a! to 1~c! and Table II#. A phe-
nomenological interpretation of the elastic behavior w
temperature was obtained on the basis of the Landau th
of second-order phase transitions.15 Reduction of the bulk
modulus in the AFM state@Fig. 1~d!#, a feature in common
with FM Invars, occurs because of the appearance of a s
taneous volume strain. The temperature dependences o
shear elastic stiffnesses result from a nonlinear coupling
tween the strain and the order parameter and are not a p
erty of the Invar state but are determined by the excha
and magnetoelastic interactions in the magnetically orde
AFM state.

All the Co-Mn alloys studied have small values of th
shear stiffness (C112C12)/2 @Table I~a!#, a characteristic fea
ture of fcc metals and alloys@Table I~b!#. The moment-
volume instability, which is responsible for much of th
anomalous thermal and acoustic behavior in 3d alloys,9,10 is
not strong enough to induce incipient martensitic transit
in AFM Co46Mn54. However, the«→g andg→« transitions
are characteristic of Co1002xMnx alloys containing less than
about 32 at. % Mn.5 Ultrasonic velocity measurements ma
as a function of temperature~or pressure! can provide valu-
able, in some cases definitive, information about the driv
mechanism of transitions, in particular if they are displac
in type. The temperature dependences of the three inde
dent elastic stiffnesses associated with ultrasonic wa
propagated along â110& direction in the austeniteg-phase
Co75Mn25 single-crystal alloy show clearly the effects
sound wave interactions and their relation to the transiti
in this material~Fig. 2!. The elastic stiffnessCL increases
approximately linearly with decreasing temperature fro
820 down to about 640 K. The Curie temperature is seen
a sharp change in slope at about 634 K; this may be c
pared with a value of 600 K deduced from the phase diag
o
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given in Ref. 5. On warming up from 4.2 K the start tem
perature for the«→g transition is at about 436 K and th
completion temperature is at 528 K. On cooling theg→«
transition commences at 272 K. These martensitic transi
temperatures differ substantially from those given in t
phase diagram~which collates data obtained only on poly
crystalline materials!. The marked hysteresis effect show
that the«→g transition is strongly first order. The hysteres
effect is essentially absent in the temperature range ab
about 530 K. The temperature dependence of the shear
nessC44 shows quite similar features@Fig. 2~b!#.

One possible way in which a hcp structure can transfo
into the fcc form is by shearing on close packed planes,
crystallographic orientation relationship being a habit pla
of (0002)hcp parallel to $111% fcc with a ^101̄0&hcp direction
parallel to a^112& fcc direction. Underlying suggested theo
ries of the transformation mechanism is a motion of a 6^112&
partial dislocations across$111% planes in the cubic lattice
the transformation shear on cooling is in a^112& direction for
Co-Ni alloy,28 which undergoes the martensitic transition b
at a lower temperature than in Co itself.29 Displacive mar-
tensitic phase transitions of the elastic type, which tend
second-order character are normally associated with
long-wavelength acoustic mode softening; an example is
weakly first-order fcc to fct elastic phase transition in In-
alloys, which is also denoted as being martensitic, and
which freezing-in of a softN@110# U@11̄0# shear-mode dis-
placement leads to the structural change.30,31 However, the
temperature dependence of the shear stiffness (C112C12)/2
of the Co75Mn25 alloy @Fig. 2~c!# does not evidence suc
acoustic mode softening. In fact for the«→g transition in
Co and its alloys with Mn the point group of the produ
phase is not a subgroup of the parent phase: the driv
mechanism cannot be acoustic shear-mode softening. W
there to be any shear-mode softening, then the correspon
elastic stiffness would be expected to change with temp
ture ~or pressure! much more than the other tensor comp
nents. In the case of Co itself it was pointed out32 that soft-
ening might happen much nearer the«→g transition than
could be achieved experimentally; however, for t
Co75Mn25 alloy the temperature~and pressure! effects ob-
tained here in the vicinity of the transition show no eviden
of mode softening effects: it is highly probable that this
also true for Co itself.
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V. THE HYDROSTATIC PRESSURE DERIVATIVES
OF THE ELASTIC STIFFNESS TENSOR COMPONENTS

AND THE COMPRESSIONS OF Co-Mn
AND OTHER INVARS

The pressure dependences of the ultrasonic wave ve
ties for the longitudinalCL mode and the two shearC8 and
C44modes have been measured at room temperature for
of the alloys. The velocities of all acoustic modes propaga

FIG. 2. The temperature dependences of the elastic stiffne
of the ~a! longitudinalCL mode,~b! shearC44, and ~c! shearC8
modes for the Co75Mn25 alloy which undergoes a strongly first o
der fcc~g! to hcp~«! martensitic transition. The pulse-echo-overl
method~Ref. 16! used to make these measurements is capabl
resolution of velocity changes to 1 part in 105: the structure of the
velocity-temperature dependence is reliable, while the absolute
ror corresponds to that quoted in Table I~a!.
ci-

ch
d

in each alloy increase with pressure. The data are repro
ible under pressure cycling and show no measurable hys
esis effects. The hydrostatic-pressure derivativ
(]CIJ /]P)P50 of CIJ have been obtained from the ultra
sonic measurements under pressure by using18

S ]CIJ

]P D
P50

5~CIJ!P50S 2 f 8f 0 1
1

3BTD
P50

, ~1!

whereBT is the isothermal bulk modulus,f 0 is the pulse-
echo-overlap frequency at atmospheric pressure, andf 8 is its
pressure derivative. The data for (]CIJ /]P)P50 determined
in the zero pressure limit@Table III~a!# establish trends tha
can be compared with those for other AFM and FM allo
@Table III~b!#. For the Co-Mn alloys each of the
(]CIJ /]P)P50 is positive, showing that the elastic stiffness
and thus the slopes of the acoustic mode dispersion curve
the long-wavelength limit, increase with pressure in t
normal way. The application of pressure does not indu
acoustic mode softening for any of these alloys. Mo
alloys follow the common trend for cubic crystal
(]C11/]P)P50.(]C44/]P)P50.(]C8/]P)P50 . The de-
rivative (]C11/]P)P50 is the largest for most fcc material
because the higher-order elastic effects involved are do
nated by nearest-neighbor repulsive forces. For
Co46Mn54 alloy (]C11/]P)P50 and (]C44/]P)P50 are the
same within experimental error@Table III~a!#.

As a consequence of the magnetovolume effect, in g
eral, there is a close correlation between the magnitude
the Invar anomaly in the thermal expansion and the pres
derivative of the elastic stiffness of the longitudinal acous
mode and that of the bulk modulus~see, for instance Ref
20!. In the Invar region, the FM Fe72Pt28 alloy has large
negative values of thermal expansion33 and hydrostatic-
pressure derivatives (]C11 /]P)P50 and (]BS/]P)P50 .

24,34

Analysis35 of the magnetoelastic behavior in the vicinity o
the FM transition using Landau theory has shown that
abrupt change in the bulk modulus36 and the change incurre
in (]BS/]P)P50

24,34 at the transition can be interprete
quantitatively: magnetism governs the softening of Fe72Pt28
as it is lowered through its Curie temperature. In additi
this phenomenological magnetoelasticity approach gi
good agreement with the value of (]BS/]P)P50 when
Fe72Pt28 transforms from the paramagnetic to the ferroma
netic state, explaining the remarkable property of this In
alloy of becoming more compressible as pressure is
creased. In accord with this, in the case of the classic
Invar material Fe65Ni35 there is a pause in the thermal expa
sion coupled with an almost zero value of (]BS/]P)P50 in
the same temperature interval.34 The magnetoelastic effect
in FM alloys, which produce magnetovolume instabilit
lead to softening of the long-wavelength acoustic modes
the consequent negative thermal expansion. Compared
that in FM alloys the magnetovolume instability in AFM
alloys is much weaker:20 The anomaly in the thermal expan
sion of Co46Mn54 ~Ref. 11! is much less pronounced an
(]BS/]P)P50 is positive@Table III~a!#.

There is often a marked difference in behavior betwe
magnetic alloys, whose properties are influenced strongly
magnetovolume effects. This feature of transition-metal
loys and elements shows up in the volume compress

es

of

r-
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TABLE III. ~a! Hydrostatic pressure derivatives (]CIJ /]P)P50 of the elastic stiffness tensor components and (]BS/]P)P50 of the
adiabatic bulk modulus of fcc CoMn alloys.~b! Hydrostatic pressure derivatives (]CIJ /]P)P50 of the elastic stiffness tensor componen
and (]BS/]P)P50 of the adiabatic bulk modulus of transition-metal alloys at room temperature.

~a!
Co75Mn25
~293 K!
FM

austenite
phase

Co68Mn32
~293 K!

paramagnetic

Co52Mn48
~291 K!
AFM

Co46Mn54
~298 K!
AFM

@110#
mode

@001#
mode

@110#
mode

@001#
mode

@110#
mode

@001#
mode

(]C11/]P)P50 11.060.4 16.160.3 16.360.1 12.860.3 12.660.1 6.4460.3 6.6760.1

(]C44/]P)P50 8.060.2 6.260.1 6.360.2 4.260.1 4.160.2 6.660.2 6.760.2

(]C12/]P)P50 4.860.4 11.160.3 9.860.3 1.760.3

(]C8/]P)P50 3.160.1 2.4760.05 1.5360.05 2.460.1

(]CL /]P)P50 15.960.3 19.860.3 15.560.3 10.660.2

(]BS/]P)P50 6.860.4 12.860.1 10.860.1 3.2560.08

~b!

Fe60Mn40
~293 K!
AFM

Mn73Ni27
~293 K!
AFM

Mn80.5Ni19.5
~293 K!
AFM

Mn78Pt22
~293 K!
AFM

Co68Ni32
~295 K!
FM

Fe72Pt28
~290 K!
FM

Ref. 20 21 21 22 23 24

(]C11/]P)P50 10.0760.2 5.2 4.2 6.260.1 7.35 219.2

(]C12/]P)P50 7.1560.21 3.2 3.8 4.260.3 6.39 226.0

(]C44/]P)P50 3.8460.06 3.5 4.9 4.360.1 2.65 0.6

(]C8/]P)P50 1.4660.05 0.9 0.2 1.060.1 0.48 3.4

(]CL /]P)P50 12.4560.2 7.7 8.9 9.560.2 9.52 222.0

(]BS/]P)P50 8.1260.1 3.9 3.9 4.860.2 6.71 223.7
th
n

ts
ti
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vol-
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n
al

he
V(P)/V0 which can be obtained from measurements of
elastic stiffnesses and their hydrostatic-pressure depende
using an equation of state such as that of Murnaghan37 which
in logarithmic form is

lnS V0

V~P! D5
1

B08
T lnS B08

T

B0
T P11D , ~2!

whereB0
T andB08

T are the isothermal bulk modulus and i
pressure derivative at zero pressure respectively. Inspec
of the data forB0

T @Table I~a!# and (]BS/]P)P50 @Table
III ~a!# indicates that due to the magnetovolume effects
compression of AFM alloys is much enhanced compa
with transition metals and alloys in which such effects a
absent.

VI. GRÜNEISEN PARAMETERS AND ACOUSTIC MODE
VIBRATIONAL ANHARMONICITY

OF AFM Co46Mn54

It is useful to discuss the vibrational anharmonicity
terms of Gru¨neisen parameters, which quantify the volum
e
ces

on

e
d
e

or strain dependence of the lattice vibrational frequenc
The mode Gru¨neisen parametersg(p,N) for the antiferro-
magnetic Co46Mn54 alloy, calculated following the method
introduced by Brugger and Fritz38 ~see also, Refs. 20 an
22!, are given as a function of wave propagation direction
Fig. 3. The Gru¨neisen parameters for the longitudinal mod
are almost independent of propagation direction. An unus
feature is that the longitudinal mode Gru¨neisen parameter
are smaller than those for shear modes: at the zone cente
longitudinal-mode acoustic phonons are softer than thos
the shear modes. This is a reflection of stronger magneto
ume interaction with longitudinal than with shear mode
However, the longitudinal modesg(p,N) are not so strik-
ingly anomalous in the AFM alloys as they are in FM Inva
for which the magnetovolume interaction is much strong
For example for Fe72Pt28, in the temperature range betwee
about 260 and 390 K, the long-wavelength longitudin
acoustic modeg(p,N) is negative24,34 accounting for its
negative thermal expansion in this temperature range:33 soft
longitudinal acoustic modes play an important role in t
Invar behavior of ferromagnetic Fe72Pt28.
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The thermal expansion includes contributions fro
phonons of wave vectors spanning the entire Brillouin zo
in all branches. In the quasiharmonic approximation the th
mal Grüneisen parameterg th is the weighted average of a
the individual excited mode Gru¨neisen parameter
g i(52] ln v/] ln V) and is given by

g th5(
i
Cig iY (

i
Ci5aVBS/CP5aVBT/CV , ~3!

where Ci represents the Einstein heat capacity associa
with a modei and reflects the contribution of this mode
g th, V is the molar volume,a is the volume thermal expan
sion coefficient,CP and CV are specific heats at consta
pressure and constant volume respectively. In the absen
specific-heat data,g th cannot be determined for Co-Mn a
loys. However, the mean elastic Gru¨neisen parametergel,
which arises solely from the acoustic modes in the lo
wavelength limit, can be obtained by the integration

gel5

(
p51

3 E
V

g~p,N!dV

(
p51

3 E
V
dV

, ~4!

where the subscriptV means integration over the whole sol
angle. The values ofgel obtained for Co46Mn54 and
Co68Mn32 are compared with those of other transition-me
alloys in Table IV. In the case of the FM Fe72Pt28 alloy, the
occurrence of negative longitudinal acoustic mode Gru¨neisen
g’s leads to a negativegel—in accord with the negative ther
mal expansion of this Invar.

FIG. 3. Long-wavelength longitudinal~solid line! and shear
~dashed and dotted lines! acoustic-mode Gru¨neisen parameters o
Co46Mn54 as a function of mode propagation direction at 298 K
e
r-

d

of

-

l

To establish how the effects of pressure on a longitudi
acoustic mode alter as the temperature is increased u
TN , the hydrostatic-pressure derivative (]CL /]P)P50 has
been determined for the Co46Mn54 alloy as a function of
temperature. The data for (]CL /]P)P50 , plotted in Fig. 4,
show a sharp peak at about 388 K, somewhat belowTN ; the
value of (]CL /]P)P50 at this temperature is about thre
times as large as that at room temperature. The value
(]CL /]P)P50 commences to rise sharply at about 380 K a
falls quickly above 388 K. This behavior bears some rese
blance to that found21 previously for Mn73Ni27 for which
both (]C11/]P)P50 and (]CL /]P)P50 were found to in-
crease strongly with temperature in the AFM state and t
decrease substantially nearTN : considerable changes in th
interatomic repulsive forces and in the long-waveleng
acoustic-phonon anharmonicities take place with AFM
dering. In Co46Mn54 the magnetoelastic interaction has
strongest effect on the nonlinear acoustic properties, ass
ated with the longitudinal modes, about 37 K below the N´el
temperature. The particularly large effects o
(]CL /]P)P50 around the Ne´el temperature can be linke
directly to the strong magnetoelastic coupling to the lon
wavelength longitudinal phonons, which produces the sm
values ofCL andC11 @Table I~a!#. By using the data obtained
for (]CL /]P)P50 of Co46Mn54 from 333 to 423 K~Fig. 4!,
the temperature dependence of the mode Gru¨neisen param-
etergL@110# of the longitudinal mode propagating along th
@110# direction has been determined~Table V!. It can be seen
from the table that a maximum occurs at 388 K with a va
of 7.0. The response of the phonon frequency of this mod
the pressure-induced change in the volume of the alloy
extremely large. The vibrational anharmonicity of the long

FIG. 4. The temperature dependence of the hydrostatic-pres
derivative (]CL /]P)P50 for the Co46Mn54 alloy determined from
measurements made on the longitudinal acoustic wave mode pr
gated along the@110# direction.
e.
TABLE IV. The mean acoustic mode Gru¨neisen parametergel of Co-Mn alloys and other 3d transition metal alloys at room temperatur
For corresponding references see Table III~b!.

Co68Mn32
~293 K!
PM

Co46Mn54
~298 K!
AFM

Fe60Mn40
~293 K!
AFM

Mn73Ni27
~293 K!
AFM

Mn80.5Ni19.5
~293 K!
AFM

Mn78Pt22
~293 K!
AFM

Co68Ni32
~295 K!
FM

Fe72Pt28
~290 K!
FM

3.52 2.50 2.12 1.59 1.12 1.35 2.04 20.60
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tudinal acoustic mode is markedly enhanced by the mag
tovolume effects just belowTN .

VII. CONCLUSIONS

The velocities of the ultrasonic modes propagated al
the @110# and @001# directions of single crystals of alloy
with compositions Co75Mn25, Co68Mn32, Co52Mn48, and
Co46Mn54 have been measured as functions of tempera
and hydrostatic pressure. There are several interesting
tures to note, which shed light on the elastic and nonlin
acoustic and lattice dynamical properties of fcc Co-Mn
loys. They can be summarized as follows.

~i! The volume-dependent elastic stiffnessesC11 andCL
and the bulk modulusBS of the Co-Mn alloys are small in
comparison with those of 3d transition-metal elements.

~ii ! The Co68Mn32 alloy does not undergo any transition
in the temperature range from 4.2 to about 750 K. Its ela
stiffnesses can be considered to be representative of
properties of the paramagnetic state of Co-Mn alloys.

~iii ! The Co52Mn48 and Co46Mn54 alloys are in the AFM
phase at room temperature. Their elastic-stiffness ten
components are affected by the onset of antiferromagn
ordering and strong magnetoelastic coupling in the AF
phase. Softening of the bulk modulus takes place becaus

TABLE V. The dependence of the Gru¨neisen paramete
gL@110# of the longitudinal acoustic wave mode along the@110# di-
rection for Co46Mn54 alloy upon temperature from 333 to 423 K.

T(K) gL@110# T(K) gL@110# T(K) gL@110#

333 1.37 386 6.79 393 2.91
353 1.45 388 7.01 403 2.35
373 1.50 389 2.57 413 2.20
383 2.53 390 2.42 423 1.95
a

g

a

a

ic
e-

g

re
a-
r
-

ic
he

or
tic

of

the appearance of a spontaneous volume strain at the´el
temperature.

~iv! The Co75Mn25 alloy falls in the FM phase region; th
Curie temperature is about 634 K. This alloy undergo
«→g andg→« transitions, when its temperature is altere
On warming up the start temperature for the«→g transition
is at about 436 K and completion temperature is at 528
On cooling theg→« transition commences at 272 K. Th
marked hysteresis effect shows that the«→g transition is
strongly first order. As anticipated for this particular stru
tural transformation in this alloy there is no pronounc
acoustic mode softening. This is probably also true for
«→g transition in Co itself.

~v! For all the Co-Mn alloys studied the hydrostati
pressure derivatives (]C11/]P)P50 of the elastic stiffnesses
and (]BS/]P)P50 of the bulk modulus are positive. Appli
cation of pressure does not induce acoustic mode softe
for any of these alloys.

~vi! The longitudinal mode Gru¨neisen parameters for th
AFM Co46Mn54 alloy show the unusual feature of bein
smaller than those for shear modes: the zone-ce
longitudinal-mode acoustic phonons are softer than the s
phonons on account of a stronger magnetovolume interac
with longitudinal than with shear modes. The lon
wavelength longitudinal acoustic mode Gru¨neisen paramete
gL@110# of this alloy passes through a maximum value of 7
at 388 K, just below the Ne´el temperatureTN : the vibra-
tional anharmonicity of this mode is markedly enhanced
the magnetovolume effects in the AFM state.
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