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The elastic and nonlinear acoustic properties of an antiferromagnetic fcc iron-manganese alloy single

crystal with composition 60 at. % Fe have been studied with the ultrasonic pulse-echo-overlap tech-
nique. Velocity measurements of the three ultrasonic modes that can be propagated along the [110]
direction have been made between 4.2 and 750 K to obtain all three independent elastic-stiffness-tensor
components CIJ and the adiabatic bulk modulus B as a function of temperature. At 293 K the elastic
stiffnesses are C» =170 GPa, C» =98 GPa, and C44 =142 GPa; hence C, l and B =123 GPa are small,

conforming with recognized trends for 3d transition-metal alloys. The Neel temperature T&, assessed

from electrical-resistance measurements and the steplike decrease in the temperature dependence of the
shear modulus ( C» —C &2 ) /2, is 467 K. The contributions of antiferromagnetic ordering to
Ct [=(C»+C,2+2C4~)/2], (C» —C,2)/2, and B are negative for all temperatures, while C44 is

stiffened slightly. Measurements of the hydrostatic pressure dependences of the velocities of ultrasonic
modes propagated along the [110]direction have been used to obtain the hydrostatic pressure derivatives

(BCIJ/BP) p=o of the elastic-stiffness-tensor components as a function of temperature in the antiferro-
magnetic Invar state. At 293 K, (BC»/BP)p —o (BC»/BP)p —0 (BC44/BP)p —o and (BB /BP)p —p are
10.1+0.2, 7.1+0.2, 3.84+0.06, and 8.1+0.2, respectively. To establish the vibrational anharmonicity of
the long-wavelength acoustic modes, the results obtained for the CIJ and (BCIJ/BP)I 0 have been used

to calculate the corresponding Gruneisen parameters. The observation that at 293 K the mean long-
el

wavelength acoustic-mode Griineisen parameter y (=2.12) is much larger than the thermal Gruneisen

parameter y'"(=0.81) shows that the vibrational anharmonicities of the long-wavelength acoustic modes

are, on average, substantially larger than those of phonons having larger wave vectors. Magnetoelastic
contributions to the vibrational anharmonicity of the long-wavelength acoustic modes of antiferromag-
netic Fe60Mn40 and ferromagnetic Fe»Pt» and Fe65Ni35 Invar alloys are discussed in relation to the re-

cently developed theoretical explanation of the behavior of Invar alloys based on fixed-spin-moment cal-
culations of the total energy for low-spin and high-spin configurations.

I. INTRODUCTION

The Fe-Mn alloys are stable in the fcc (y) phase in the
composition range between about 40 and 70 at. % Fe.'
No ordering between the Fe and Mn atoms has been
detected at any composition. The y Fe-Mn alloys are
antiferromagnetic and their magnetic properties have
been interpreted by an itinerant electron model. These
alloys show Invar effects. Although the thermal ex-
pansion of Fe60Mn40 shows characteristic Invar-type be-
havior between about 200 and 450 K, it is much less pro-
nounced than that of the ferromagnetic Invar alloys
Fe72Pt28 and Fe65Ni35 which occur in much the same
temperature range (Fig. 1). The spontaneous volume
magnetostriction is positive, reaching about 50% that of
Fe65Ni35 Application of pressure reduces the Neel tem-
perature T~ of Fe70Mn3o by —25 K/CxPa.

The Invar anomalies are observed for ferromagnetic
(FM) alloys having about 8.5 electrons per atom (e/a)
and antiferromagnetic (AFM) alloys with e /a about
7.5. ' ' " Magnetovolume instabilities have important
ramifications in the elastic properties of Invars, prompt-

ing this ultrasonic study of the effects of temperature and
hydrostatic pressure on the elastic behavior of monocrys-
talline antiferromagnetic Fe60Mn4O. Previously the elas-
tic moduli of Fe-Mn alloys of similar composition have
been measured above room temperature up to 600 K. ' '
To enable a more accurate assessment of the contribution
of AFM ordering to the elastic stiffnesses, the tempera-
ture range of elastic moduli measurements has now been
extended both to higher temperatures up to 750 K in the
paramagnetic state and down from room temperature to
liquid-helium temperatures. To establish the nonlinear
acoustic properties in the antiferromagnetic phase, the
ultrasonic wave velocities have been measured as a func-
tion of hydrostatic pressure up to 0.15 GPa in the tem-
perature range between 293 and 453 K.

Recently, Manosa et al. ' ' discovered for the Invar
ferromagnetic alloy Fe7zPt28 that the velocities of all the
longitudinal and quasilongitudinal ultrasonic modes de-
crease under hydrostatic pressure. The pressure deriva-
tives (BC»/t)P)t, o and (BCI /t)P)t, o (where

Cl [ = (C& t +C&2+2C44 )/2] ) of the longitudinal-mode
elastic stiffnesses are negative in the ferromagnetic phase
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FIG. 1. The linear thermal expansion coeKcient as a func-
tion of temperature for the Fe60Mn40 alloy (Ref. 7) in compar-
ison with those of disordered Fe»Pt» (Ref. 16) and Fe65Ni35
(Ref. 6).

II. EXPERIMENTAL PROCEDURE

A single crystal of cm dimensions was grown from
high-purity elements by a modified Bridgman process.
The alloy charge was contained in an alumina crucible;
since the vapor pressure of molten manganese is high, the
crucible with the charge was sealed in a molybdenum
container. The crystal was large enough for precision
measurements of ultrasonic wave velocities and their
temperature and pressure dependences. Micr oprobe
analysis scans around the crystal showed its composition
to be Fe6pMn4p w'ithin +1 at. %. The lattice parameter

of Fe72Pt28, while being positive in the paramagnetic
phase. Hence the long-wavelength longitudinal acoustic
modes have negative Gruneisen parameters accounting
for the negative thermal expansion (Fig. 1) observed' in
Fe72Ptz8 in the temperature range between about 260 and
390 K: soft longitudinal acoustic modes play an impor-
tant role in the Invar behavior of ferromagnetic Fe72Pt28.
One aim of the present study has been to establish the
magnitude of the contribution from the anharmonicity of
long-wavelength acoustic phonons to Invar effects in an
antiferromagnetic alloy. The experimental results for
Fe6pMn4p are compared with those reported previously
for the typical ferromagnetic Invars Fe7zPtz8 (Refs. 14
and 15) and Fe65Ni3&,

' which are now explained in the
framework of developments in understanding of Invar be-
havior in ferromagnetic alloys. '

was determined from x-ray powder analysis as
3.614+0.001 A. The x-ray density was 7820+30 kg m
The crystal was orientated on a three-arc goniometer to
+0.5' using Laue back-reAection photography. An ul-
trasonic sample was cut and polished with two faces, nor-
mal to the required propagation direction along the [110]
crystallographic axis, Oat to surface irregularities of
about 2 pm and parallel to better than 10 rad. The
Neel temperature of the sample was determined from
electrical resistance (R) measurements, as the start
temperature of the anomaly in the derivative
(1/Ro)(dR/dT), following the approach used by Ben-
dick and Pepperhoff'. ' The result obtained for Tz (=467
K) is in agreement with that (468 K) determined from
magnetic susceptibility measurements.

Ultrasonic wave velocity measurements were made
along the [110]direction. 10-MHz ultrasonic pulses were
generated and detected by X- and Y-cut quartz transduc-
ers bonded to the sample using Apiezon N for low-
temperature experiments or Krautkramer ZGM high-
temperature coupling paste above 300 K. Dow resin was
used as bonding material for high-pressure experiments.
Ultrasonic pulse transit times were measured using a
pulse-echo-overlap technique 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 depen-
dence of ultrasound velocity was measured between 4.2
and 750 K. Hydrostatic pressure up to 0.15 GPa was ap-
plied in a piston and cylinder apparatus sealed with
TeAon and Viton 0 rings. Silicon Quid was used as the
pressure transmitting medium. The dependence of ul-
trasonic wave velocity upon hydrostatic pressure was
measured between 293 and 453 K. Temperatures above
room temperature were reached within the pressure cell
by using a heating element wrapped round the outside of
the pressure cylinder. During pressure runs it was essen-
tial to ensure that velocity measurements were made at
the same controlled temperature within 0.2 C. The pres-
sure was measured using the change in resistance of a
precalibrated manganin wire coil inside the cell. For fur-
ther details of the experimental setup see Flower and
Saunders. To bypass calculation of the changes in crys-
tal dimensions induced by application of hydrostatic
pressure, the experimental data were transformed to cor-
respond to the "natural velocity" W. Then an iterative
procedure of the type introduced by Dandekar was used
to improve the accuracy of determination of the elastic-
stiffness-tensor components and their hydrostatic pres-
sure derivatives as a function of temperature. The major
sources of error in decreasing order of magnitude were in
the measurement of pressure, alloy composition, sample
dimensions, and alignment.

III. THE ELASTIC-STIFFNESS- TENSOR
COMPONENTS AND THEIR DEPENDKNCKS

UPON TEMPERATURE

The adiabatic elastic-stifFness-tensor components of
Fe60Mn40 measured at room temperature (Table I) are in
reasonable agreement with the results obtained for an al-
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TABLE I. Comparison between the room-temperature (293 K) elastic and nonlinear acoustic prop-
erties of the Fe«Mn40 alloy and those of other Invars (Fe&5Ni35 and Fe72Pt28) and the elements Fe and
Ni.

Description

Density (kg m )

Elastic stiffnesses (10 GPa)

Ci2
—'(C)) —C)q)
Bulk modulus B (10 GPa)
Pressure derivatives
(ac„/Os ), ,
(ac„/as), =,
(aC44/aI') p =o
(ac'zM ),=,
(a8 /ap)', ='.

Ni
(Ref. 27)

8 900

24.7
12.2
15.3
4.7

18.4

6.0
4.7
2.4
0.6
5.3

Fe
(Ref. 27)

7 873

23.0
11.7
13.5
4.7

16.7

6.7
4.6
2.6
1.0
5.3

Fe~oMn40

7 820

17.0+0.1

14.1+0.1
9.8+0.2
3.6+0.1

12.3+0.2

10.1
7.1

3.8
1.5
8.1

Fe~~»35
(Ref. 15)

8 121

13.6+0.1

9.8+0.1

9.2+0.2
2.2+0.1

10.7+0.2

5.2
—2.1

5.7
3.6
0.3

Fe72Pt28
(Ref. 15)

11 939

14.4+0.1

8.0+0.1

10.7+0.2
1.8+0.1

12.0+0.2

—19.2
—26

0.6
—18
—23.7

loy of the same nominal composition' and those for
Fe&&Mn39 Comparison shows that the elastic moduli
C i i and CL of iron-based Invar alloys are substantially
smaller than those for the transition elements iron and
nickel (Table I): their long-wavelength longitudinal pho-
nons are softer. Lenkkeri noted that the elastic moduli
of fcc transition-metal alloys are strongly dependent on
the e/a ratio. The bulk modulus of Fe&OMn40, for which
the e/a ratios is 7.6, conforms with the trend found by
Lenkkeri for alloys with an e/a ratio in this vicinity.

The temperature dependences of the adiabatic elastic
stiffnesses CL, C&4, and C'[ =(Ct& —C&z)/2] and the bulk
modulus B (=CI —C44 —C'/3) in both the antiferro-
magnetic and paramagnetic states of Fe&oMn40 are shown
in Fig. 2. Corrections for lengths and density changes
with temperature have been made using the thermal ex-
pansion data. This set of elastic-stifFness data up to,
through, and well above the Neel temperature comple-
ments and extends to a much wider range of temperature
the data for C~4, (C» —C,2)/2, and B measured' be-
tween 293 and 593 K for an alloy of the same nominal
composition. In the paramagnetic range, for tempera-
tures well above 575 K, the elastic stiffnesses and the bulk
modulus decrease approximately linearly with increasing
temperature. In the vicinity of the antiferromagnetic
transition, CL, C', and B soften. The longitudinal
modulus CI shows a small dip [Fig. 2(a)]. The shear
modulus C' exhibits the largest change as the tempera-
ture is lowered through T~ showing a steplike reduction
at 467 K of about 3.8%%uo [Fig. 2(c)], while C44 shows only
a small change in gradient near this point [Fig. 2(b)].
Renaud' reported a steplike decrease of about 9% in the
value of C' at 463 K. Lenkkeri' who measured the elas-
tic moduli CL, C44, and (C» —C,z)/2 for Fe~,Mn39 be-
tween 300 and 600 K also found a similar steplike de-
crease in the shear modulus (C» —C, 2 )/2.

An estimate of the magnetic contribution to the elastic
stiffnesses can be made by using the procedure, ern-

ployed for antiferromagnetic Mn-Ni alloys, of extrapo-
lating the data obtained in the paramagnetic state down

below T&. To do this, the temperature dependence of
each elastic stiffness in the paramagnetic state has been
approximated by the conventional model for vibrational
anharmonicity using

C =Co[i ICF(T/O—D)]

with

x dxF ( T /OD ) = 3( T /OD ) I e 1
(2)

The constants Co and K have been chosen to fit the elas-
tic stiffness data in the paramagnetic phase above 600 K;
the Debye temperature OD is 410 K obtained ' from
specific-heat measurements for Fe&oMn4o. The extrapo-
lated elastic stiffnesses obtained using Eqs. (l) and (2) are
shown by dashed lines in Fig. 2. A precursive effect, con-
sistent with onset of short-range antiferromagnetic order-
ing, on the elastic stiffnesses starts to appear at about 575
K—well above the Neel temperature (Fig. 2). The mag-
netic contributions to CL, C', and B"are negative for all
temperatures: in the antiferromagnetic state CL, C', and
B are softened, while C44 is stiffened slightly. At 4.2 K
the contribution from the antiferro magnetic ordering
reduces (C» —C,2)/2, CI, and B by about 27, 4.6, and
8.8%, respectively, while increasing C44 by about 1%.
These changes in the values of the elastic stiffnesses define
the magnitudes of the magnetoelastic interactions.
Renaud' reported a negative magnetic contribution to
(C» —C,2)/2 and a positive one to C44 in the antiferro-
magnetic range; the contribution to B was negative in
the vicinity of T& but positive for temperatures below
about 400 K. However, his measurements only cover the
temperature range between 293 and 593 K; this is also
the case in Lenkkeri's work. ' Since the inhuence of the
antiferromagnetic phase transition on the elastic moduli
already starts at about 575 K, these researchers could not
extrapolate the high-temperature behavior correctly.

The ultrasonic wave velocity measurements show no
indications of a crystallographic phase transition in the
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temperature range from 750 down to 4.2 K. The shear
stiffness (C» —C,2 )/2 in both the paramagnetic and anti-
ferromagnetic states of Fe6oMn40 follows the normal ten-
dency to increase as the temperature is decreased [Fig.
2(c)] in marked distinction to the behavior of
(C» —C,2)/2 for the fcc Mn-Ni, Fe-Ni, and Fe-Pt al-
loys. ' ' Although (C» —C, z )/2 is somewhat reduced
as Fe60Mn4o is taken down in temperature through Tz,
the softening of this shear modulus is not large enough to
induce the lattice instability that results in the ferroelas-
tic fcc-fct transitions associated with shear in a (110)
direction on a ( 110) plane.

IV. THE HYDROSTATIC PRESSURE DERIVATIVES
OF THE ELASTIC-STIFFNESS- TENSOR

COMPONENTS AND THE COMPRESSION
OF Fe6oMn4o

The velocities of the three ultrasonic modes propagat-
ed along the [110] direction increase linearly with pres-
sure, more steeply for the longitudinal than the shear

modes. The experimental results obtained for the hydro-
static pressure derivatives ( BCL /BP )p —p ( BC44/BP )p —p,

(dC'/dP), and (dB /BP) of the adiabatic
second-order elastic stiffness and the bulk modulus, at
selected temperatures between 293 and 453 K, are given
in Table II. All of these quantities are positive and de-
crease as the temperature is increased up towards T&.

The temperature dependences of (BCI /dP )p —p and
(BB /dP)p o for Fe6cMn4o are compared with those of
the ferromagnetic Fe~2Pt2s (Ref. 15) and Fe65Ni35 (Ref.
13) Invar alloys in Fig. 3. It is clear that, as a conse-
quence of the magnetovolume effect, there is a close
correlation between the magnitudes of the Invar anomaly
in the thermal expansion (Fig. 1) and the pressure deriva-
tive of the elastic stiffness of the longitudinal acoustic
mode and that of the bulk modulus (Fig. 3). In the Invar
region, Fe72Pt28 has large negative values of thermal ex-
pansion, ' (BCI /BP)p o and (dB /BP)p o.

' ' This is
extraordinary: on warming Fe72Pt28 shrinks, under
compression it becomes easier to squeeze. The large neg-

300- (a)
150

280

U
CL
C3

260
C3

140
U

CL

130

(3
120

240

220 I

200
I I

400
Temperature (K)

600 coo

110
I

200
I I

400
Temperature (K)

I

600 800

48---
(c)

140

42-

D
CL

38-

34

130-

O
CL~ 12O-

(d)

30
110"

200
I I

400
Temperature (K)

I

600 800

1000 200 400
Temperature (K)
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TABLE II. The temperature dependences of the hydrostatic pressure derivatives (BCL/BP)p —p,

(BC'/3P) p=o, (BC'/BP) p o, and (8B /BP) p p for Fe6pMn4o Invar alloy crystal.

T (K)

293
313
333
353
373
393
413
428
453

(BCc/~P) p=o

12.45+0.2
10.99+0.2
8.69+0.2
7.78+0.2
7.96+0.2
7.23+0.2
7.46+0.2
6.22+0.2
6.99+0.2

(BC4a/3P )p o

3.84+0.06
3.72+0.09
2.72+0.05
1.18+0.1
2.68+0.1

(aC'/ap) =o

1.46+0.05
1.57+0.04
0.53+0.01
0.41+0.01
0.37+0.01

(BB /BP)

8. 12+0.1

6.75+0.1

5.80+0.1

6.47+0.1

5. 16+0.1

ative (dB /dP )z 0 relates directly to the negative
thermal expansion: both properties involve the cubic
term in the strain energy of the identical irreducible rep-
resentation go, which is the volume strain
( 71] ] +7)22 +7)33 ) ~ In the case of the classic Invar material
Fe65Ni35 there is a pause in the thermal expansion (Fig. 1)
coupled with an almost zero value of (dB /dP)p 0 in the
same temperature interval (Table I, Fig. 3). The Invar
anomaly in the thermal expansion for the antiferromag-
netic Fe60Mn40 is much weaker and, consequently,
(dB /BP)~ 0 is positive (Table II).

Measurements of the elastic stiffness and their hydro-
static pressure dependences can be used to evaluate the
compression V(P)/Vo up to very high pressures, using
an extrapolation procedure based on the Murnaghan
equation of state in the logarithmic form

Vo

V(P) Tln Bo T +18 8 (3)

Bs—B T( 1+aythP) (4)

where a is the coefficient of volume expansion. The iso-
thermal bulk modulus B at 293 K has been determined
as 121.5 GPa taking a=26.4X10 K ' (Ref. 7) and
y'"=0.81 (see Sec. V). The hydrostatic pressure deriva-
tive B [=(BB /dP)~ o] has been calculated using

which describes the compression of many solids well.
Ultrasonic measurements provide adiabatic (S) elastic
moduli, so to use this equation of state it is necessary to
transform the input data to isothermal (T) moduli. The
adiabatic and isothermal bulk moduli are related by
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where (BB /dT)~ is given by

(5)
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FICx. 3. The temperature dependences of hydrostatic pres-
sure derivatives (a) (BCL /BP)p —p of the longitudinal elastic
stiFness and (b) (BB /BP) p p of the bulk modulus for Fe6oMn4p

(open circles), Fe72Pt28 (solid circles) (Ref. 15), and Fe65N135

(open squares) (Ref. 13). The lines are for visual guidance.

All quantities in Eqs. (4)—(6) are taken in the limit of zero
pressure. A value of —2.94X10 Pa K ' for the deriva-
tive of adiabatic bulk modulus with respect to tempera-
ture (dB /dT) at 293 K has been obtained from the data
in Fig. 2(d). The value of (Ba/BT)(=1.38X10 K )

has been deduced from the data given in Ref. 7. Insertion
of data for B, (BB /BT), a, y'", and (Ba/BT) into Eq.
(6) gives a value of —3.21X10 Pa K ' for (BB /dT) at
293 K and then, from Eq. (5), (BB /dP)p 0 has been cal-
culated at 8.15. The compression of Fe60Mn4O at room
temperature is compared with that of Ni in Fig. 4; in ac-
cord with its Invar behavior Fe6OMn40 has a much larger
compression than Ni.
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most constant, in the Invar region it decreases slightly
and then above the Neel temperature it increases quite
steeply, following the behavior of the thermal expansion
with temperature (Fig. 1).

The pressure derivatives (dCIJ/dP)~ 0 of the elastic
stiffness can be used to determine the Griineisen parame-
ters for acoustic modes adjacent to the Brillouin zone
center and hence resolve the role of such modes in the In-
var behavior. For a cubic crystal the acoustic mode
Griineisen parameter can be calculated using

0.92
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Pressure (GPa)
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V. GRUNEISEN PARAMETERS
AND ACOUSTIC-MODE VIBRATIONAL

ANHARMONICITY OF Fe6pMn4p
AND Fe»Pt28 INVAR ALLOYS

FIG. 4. The isothermal compression of Fe6pMn4p (solid line),
extrapolated to very high pressures by using the Murnaghan
equation of state, compared with that of Ni (dashed line).

y~(N)= — [3B +2w (N)+k (N)],
1

6w N

where

t]]~ (N) =C „k,(P, N)+ C44k2(P, N)+ C]3k3(P, N),
and

OC~
k (N)= —k](p, N) C]]+3B +3B

T

—k2(p, N) C44+ 3B +3B
BP T

(8)

(9)

Both the pressure dependence of second-order elastic-
stiffness moduli and the thermal expansion are conse-
quences of the anharmonicity of lattice vibrations. How-
ever, while the nonlinear acoustic properties arise solely
from the acoustic modes in the long-wavelength limit, the
thermal expansion includes contributions from phonons
of wave vectors spanning the entire Brillouin zone in all
branches. In the quasiharmonic approximation the
thermal Griineisen parameter y'" is the weighted average
of all the individual excited mode Griineisen parameters
y,.( = —Blnco;/8lnV) and is given by

y'" =g C;y; g C; =a VB /C =a VB /C]„ (7)
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FIG. 5. The temperature dependence of the thermal
Gruneisen parameter y'" of the Fe6pMn4p alloy single crystal.

where C, represents the Einstein heat capacity associated
with mode i and reflects the contribution of this mode to
y'", V is the molar volume, Cp and Cz are specific heat at
constant pressure and constant volume, respectively. The
temperature dependence between 100 and 620 K of y'"
(Fig. 5) has been determined using thermal expansion7
and heat capacity ' data and the bulk modulus B given
in Fig. 2(d). y'" is positive; below about 200 K it is al-

5
—k3(P, N) C]2 3B +3B—, aC„

(10)

with

k](p, N)=N U +N U +N U

kz(P, N)=(NzU3+N3Uz) +(N3U]+N] U3)

3

g J y~(N)dQ
—eI

0

3 dQ
(12)

Here the integration is over the whole space Q. At 293
K, y" (=2.12) is much larger than the corresponding
thermal Gruneisen parameter y'" (=0.81). This result
shows that, in the Invar region, the vibrational anhar-

+ (N, U2+N2 U, ),
k3 (P7 N ) =2(N2N3 U2 U3 +N3N] U3 U] +N] N2 U] U2 ).

Here p (=1,2,3) designates the acoustic-mode branch, q
is the wave vector, cu is the angular frequency of lattice
vibrations, and N; and U, (i =1,2, 3) are the direction
cosines of the wave propagation and the particle displace-
ment directions, respectively. The acoustic-mode
Griineisen parameters in the long-wavelength limit, at
room temperature (293 K) and 373 K, are shown in Fig. 6
as a function of propagation direction. All modes have a
positive y~(N); this property of Fe6OMn&o is in marked
contrast to that of Fe72Pt28 for which the longitudinal-
mode Griineisen parameters are large and negative in the
ferromagnetic phase.

The mean long-wavelength acoustic Griineisen param-
eter y" has been obtained by summing all of the long-
wavelength acoustic-mode Griineisen parameters with
the same weight for each mode:
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monicities of the long-wavelength acoustic modes of
Fe60Mn40 are, on average, substantially larger than those
of phonons having larger wave vectors.

The Gruneisen parameters yL [»0~ and y" of Fe60Mn40
are compared with those of Fe72Ptz8 in Fig. 7. For
Fe60Mn4O the longitudinal mode and the mean acoustic
Griineisen parameters are positive and decrease gradually
as the material is taken up towards the Neel temperature.
In the ferromagnetic phase of Fe72Pt28 the negative signs
of (BCL/i3P)t o and (BB /dP)t, o (Fig. 3) give rise to
negative values for these acoustic Gruneisen parameters.
Ultrasonic studies under pressure' ' have provided the
first experimental evidence for negative longitudinal
acoustic mode Gruneisen parameters in an Invar alloy,
an observation that is directly pertinent to the Invar
problem and indicate that the anomalous vibrational
anharmonicity of these modes is largely responsible for
negative thermal expansion of Fe7zPt28 between about
260 K and the Curie temperature.

0
[100] [»0] [«1]

Propagation direction

[001]

FIG. 6. Long-wavelength, longitudinal (solid line) and shear
(dashed and dotted lines) acoustic-mode Gruneisen parameters
of monocrystalline Fe6pMn4p alloy as a function of mode propa-
gation direction at (a) 293 K and (b) 373 K.

5

I
t

P Ic
I

~ ~ t
It

I
I

-10
6

2-

0-

p%
/

~ ~
1

I
t

\ t1
\ t

I
I

1 I
\

t

4
I

I

4
I
I
I
I
t

(a)

-4
200

E

300 400
TemperatUre (K )

500

FIG. 7. The temperature dependence of (a) the long-
wavelength longitudinal acoustic-mode Gruneisen parameter
QL [& ~p] and (b) the mean acoustic Griineisen parameter y

" of
monocrystalline Fe6pMn4p (open circles) and Fe»pt» (solid cir-
cles) (Ref. 15). The lines are for visual guidance.

VI. RELATIONSHIP BETWEEN THE ELASTIC
AND NONLINEAR ACOUSTIC PROPERTIES

AND THE INVAR BEHAVIOR OF IRON ALLOYS

A. Ferromagnetic Invar alloys: Fe»Pt28 and Fe65Ni35

A fundamental understanding of the long-standing In-
var problem has only recently been achieved. The ex-
planation stems from total-energy band calculations' '
for ferromagnetic alloys, using a fixed-spin-moment
(FSM) procedure, which result in an energy-volume curve
with a low-spin (LS) solution centered at low volume and
a high-spin (HS) solution at high volume. The contribu-
tion of lattice vibrations to free energy has been includ-
ed' by coupling the total-energy band calculations with
Debye-Griineisen theory. The energy difference
bE( =ELs —EHs) between the minima of the LS and HS
branches is temperature dependent: hE decreases with
increasing temperature and changes sign near room tem-
perature. For ferromagnetic Invar alloys the HS solution
defines the ground-state at low temperatures and the LS
solution defines the ground state at high temperatures.
The theory' ' explains qualitatively the essential exper-
imental features of Invar behavior in ferromagnetic alloys
including the elastic effects. The observed pause in
thermal expansion (or the contraction) of ferromagnetic
alloys (Fig. I) is due to thermal population of the low-
volume LS state. At low temperatures the bulk modulus
is determined by the HS state and should show a
moderate decrease with increasing temperature. Above
the crossover temperature, the bulk modulus for the fer-
romagnetic Invars increases to a larger value correspond-
ing to the low-volume, less compressible LS state. Fur-
ther increase in temperature should lead to a gradual de-
crease in the bulk modulus. These theoretical predic-
tions' are in accord with the bulk modulus measure-
ments for Fe-Ni (Refs. 37 and 38) and Fe72ptzs (Refs. 39
and 40) Invar alloys.

Moment instabilities are always correlated with a
volume change; the coupled moment-volume fluctuations,
promoted by the small energy difference AE, should
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inhuence strongly the elastic and nonlinear acoustic prop-
erties of an Invar material. Application of hydrostatic
pressure can be expected to enhance magnetovolume in-
stabilities and induce large effects in the nonlinear acous-
tic properties of a ferromagnetic Invar, as shown by the
large negative values of (BCL/r)P)J o and (M/BP)p
found' ' for Fe72Pt28 (Fig. 3). The negative thermal ex-
pansion in the ferromagnetic phase of the Invar Fe7QPt28
(Fig. 1) is directly associated with longitudinal acoustic-
mode softening (Figs. 3 and 7). At low temperatures
Fe7zpt28 is in the high-volume HS state and accordingly
has a small bulk modulus. At temperatures in the vicini-
ty of the crossover temperature, application of hydrostat-
ic pressure drives the material towards the much lower
volume LS state. Hence the material tends to become
more compressible as pressure is increased: this results in
a negative (BB/BP )~ 0 [Fig. 3(b)]. The effect of increas-
ing temperature is to facilitate the ease with which the
HS state can be transformed to the LS state. Therefore,
(BB/BP)p 0 becomes more negative. As the tempera-
ture is increased further, the population of the LS state
increases at the expense of the HS state. Above the cross-
over temperature but below T, an Invar can be expected
to be a composite of the HS and LS states. ' The LS state
has lower volume and is therefore less compressible than
the HS state; ' in the limit of a pure LS state the material
should have a large bulk modulus with a positive
(BB/BP)&=0. Hence as a consequence of the HS to LS
transition this ferromagnetic Invar should show, as found
[Fig. 3(b)], a pronounced negative minimum in
(BB/BP)p 0 as a function of temperature. The very
small and even negative values of (BB/dP)z 0 found'
for Fe-Ni at about 300 K [Fig. 3(b)] can also be account-
ed for on this basis.

This explanation can be put on a more formal basis as
follows. The pressure derivative (dB/dP)r of the iso-
thermal bulk modulus can be expressed by the thermo-
dynamic relation

BB
aI

BV BT
as, av,

BB
BT

B. Antiferromagaetic Invar alloys: Fe60Mn40

The theoretical explanation of the source of the Invar
behavior ferromagnetic alloys can be extended to antifer-
romagnetic alloys with the proviso that the antiferromag-
netic Invar systems must be characterized by antiferro-

The values of (r)V/dP)z-, (dT/BV)~, and (dB/BT)p
have been estimated as a function of temperature using
the results of Moruzzi. ' The first term on the right-hand
side of Eq. (13) is found to show (Fig. 8) a minimum in
the middle of the temperature range where the material
behaves as a composite of HS and LS states. The magni-
tude of this minimum also depends on the second term
which could not be evaluated. These predictions of the
new Invar theory' ' are in accord with those found ex-
perimentally for (dB /dP )p o of Fe7zPt2s [Fig. 3(b)].

I~ I

Invar
region

Temperature

FIG. 8. The temperature dependence of the estimated value
of the erst term (BV/BP)&(BT/BV)p(08/BT)& on the right-
hand side of Eq. (13).

magnetic and nonmagnetic (NM) states and that the fer-
romagnetic high-spin state is replaced by an antiferro-
magnetic high-spin state which, at low temperatures, has
a minimum at a lower energy than the NM state. ' ' A
total-energy calculation for the ordered fcc Fe2Mn2
compound with collinear spin alignment showed that the
AFM state defines the ground state for all physically
relevant atomic volumes; the energy difFerence
AE =ENM —EA„M between the minima of NM and AFM
branches is only about 1 mRy (158 K); the moments of Fe
atoms alone vanish while the Mn atoms retain their full
moment. This instability of Fe moments in Fe2Mn2 takes
place very close to equilibrium rigid-lattice constant; the
calculated equilibrium magnetic moments are about
1.15pz for Mn and null for Fe. In practice, the fcc Fe-
Mn alloys are disordered and have a noncollinear AFM
ordering. ' Furthermore, the experimental local mo-
ment pF, of Fe atoms in disordered Fe-Mn alloys is
different from zero and does not change appreciably with
the change of the composition of Fe from 50 to 70%.
For fcc Fe6OMn40, pF, decays rapidly with increasing tem-
perature up towards Tz,' however, the temperature
dependence of the magnetic moment of Mn atoms shows
a small decrease with increasing temperature up to about
400 K and then a sharp drop near T&. ' These results
for p„, indicate that Fe atoms in fcc Fe-Mn alloys are in
an antiferromagnetic HS state at low temperatures; with
increasing temperature pF, decreases (i.e., the population
of the NM state increases). In fact, above the crossover
temperature, p„,(T)/p„, (0) should not be zero because
the system behaves as a composite of HS and NM states.
Thus, a decrease in the pressure derivatives of both CI
and B is to be expected in the vicinity of the crossover
temperature. This argument is in agreement with the ex-
perimental results obtained for (BCL /dP )~ o and
(BB /dP)p 0 of Fe60Mn40 Invar alloy (Table II). At still
higher temperatures, the application of pressure may
enhance the interatomic repulsive forces in the dominat-
ing low-volume NM state, leading to an increase in
(BCL/r)P)p o and (dB /dP)p 0. However, since the
magnetovolume instability affects only some constituent
atoms in Fe6OMn4O, as evidenced by the neutron-
diffraction experiments ' and theoretical calculations,
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a much smaller effect can be expected (Fig. 3) in accord
with the rather weak anomaly in the thermal expansion
(Fig. 1). The usual decrease of the bulk modulus with in-
creasing temperature overrides the increase due to the
comparatively weak magnetovolume instability in this
AFM alloy; combination of the two convicting effects ac-
counts for a noticeable gradient change in the tempera-
ture dependence of B' [Fig. 2(d)] in the Invar range cen-
tered around room temperature.

VII. CONCLUSIONS

The velocities of the three ultrasonic modes propagat-
ed along the [110] direction of an antiferromagnetic fcc
Fe6OMn4O single-crystal alloy have been measured as func-
tions of temperature between 4.2 and 750 K and hydro-
static pressure up to 0.15 GPa at selected temperatures
from 293 to 453 K. The data have been used to deter-
mine the temperature dependences of the independent
elastic-stiffness tensor components CIJ and the adiabatic
bulk modulus B and their pressure derivatives
(BCtJ /'dP )z o and (BB /t)P )p 0. The physical
significance of the results can be summarized as follows.

(i) The pronounced softening in the temperature depen-
dence of the longitudinal elastic stiffness CI, found for
ferromagnetic Invars below the Curie temperature, is ab-
sent in this antiferromagnetic Invar alloy: for Fe6oMn4o
CL shows a small dip at the Neel temperature Ttt (=467
K). The bulk modulus also shows a cusplike decrease
around T~.

(ii) The shear modulus C' exhibits a steplike reduction
(about 3.8%) as the temperature is lowered through T&,
while C44 shows only a small change in gradient near this
point.

(iii) The contributions of antiferromagnetic ordering to
CL, C', and B start at about 575 K, well above T&, and
are negative for all temperatures: in the antiferromagnet-
ic state CL, C', and B are softened, while C44 is stiffened
slightly.

(iv) The hydrostatic pressure derivatives (t)CL /t)P)p
and ( r)B /BB )i, o decrease markedly with increasing
temperature from room temperature up towards Tz.

(v) The thermal Gruneisen parameter y'" is just less
than unity in the temperature range below 420 K and
shows a shallow minimum around room temperature;
above T&, y'" increases up to a value of 2 at 600 K.
These results for y'" are in accord with the thermal ex-
pansion of this Invar alloy as a function of temperature.
The long-wavelength longitudinal acoustic-mode
Gruneisen parameter yl ~ »o~ and the mean acoustic-mode
Gruneisen parameter y

' of monocrystalline Fe6OMn4O
are positive and decrease with increasing temperature. In
the case of ferromagnetic Fe7zPtz8, which shows much
more pronounced Invar behavior in the form of negative
thermal expansion, the Gruneisen parameters of the
volume-dependent longitudinal acoustic modes are
strongly negative in the Invar region.

(vi) The temperature dependence of the bulk modulus
B and its hydrostatic pressure derivative (BB /t)P)t,
for Fe72Pt28, which shows pronounced minima in the In-
var region, can now be understood on the basis of the re-
cently developed theory' ' involving a transition from
the high-volume high-spin state at low temperatures to
the low-volume low-spin state at high temperatures. A
similar explanation is valid also for the much smaller In-
var and nonlinear acoustic effects observed for the anti-
ferromagnetic Fe6oMn4O alloy.
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