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Measurements of the temperature dependences of the hydrostatic-pressure derivatives of the velocities
of ultrasonic waves propagated in single crystals of the Invars Fe,,Pt,; and Fe,,Pt,sNi; verify that the
negative thermal expansion in the ferromagnetic phase of these alloys is directly associated with
longitudinal-acoustic-mode softening. In the paramagnetic phase of Fe;,Pt,s, the hydrostatic-pressure
derivatives of each of the elastic-tensor components and the bulk modulus B are positive, showing nor-
mal behavior in the sense that the long-wavelength acoustic-phonon frequencies increase under pressure.
However, below the Curie temperature T the velocities of longitudinal untrasonic waves propagated
along the [100] and [110] directions in Fe;,Pt,3 and Fe;,Pt,sNi; decrease strongly with pressure; thus
(3C,, /3P)p—g, (3C, /OP)p—¢, and (3BS/0P)p_, are negative due to the magnetoelastic interaction.
These Invar alloys show the extraordinary property of becoming easier to compress as the pressure is in-
creased. The negative signs of (dC,,/3P)p—, and (3C, /OP)p -, give rise to negative values for all the
longitudinal- and quasilongitudinal-acoustic-mode Griineisen parameters in the ferromagnetic phase.
This experimental observation is in accord with a recent prediction of negative longitudinal-acoustic-
mode Grineisen parameters stemming from itinerant-electron-magnetism theory. For Fe;,Pt,; the
hydrostatic-pressure derivative (3C,, /9P )p—, is negative, attains its maximum value just above room
temperature, and becomes much smaller as the temperature is lowered, matching, and accounting for,
the behavior of the thermal expansion, which is negative in the temperature range between about 260 K
and the Curie temperature. In the case of the archetypal Invar alloy Fe¢sNiss, the hydrostatic-pressure
derivatives of the elastic-stiffness-tensor components are positive, but (3C,; /3P )p_, and (3C; /3P)p
are small in the ferromagnetic phase, consistent with its small but positive thermal expansion. It is con-
cluded that longitudinal-acoustic-mode softening due to the magnetoelastic interaction is the source of
the Invar behavior of each of these iron alloys. In addition, measurements of the temperature depen-
dences of the ultrasonic wave velocities establish that the fcc-bet martensitic phase transition in Fe-Ni
and Fe-Pt alloys is driven by a soft shear zone-center acoustic phonon with propagation vector {110)
and polarization vector (110).
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I. INTRODUCTION
The Invar problem is of long standing. Guillaume'
discovered the original “Invar” property that fcc Fe-Ni
alloys containing about 35 at. % Ni have a nearly con-
stant (invariant) thermal expansion in a wide region
around room temperature; subsequently he found the
temperature-independent elastic behavior of Fe-Ni-Cr
alloys—the “Elinvar” effect.? He was awarded the No-
bel Prize in 1920 “in recognition of the services he has
rendered to precise measurements in Physics by his
discovery of anomalies in nickel steel alloys.” Despite in-
tensive research efforts on Invar effects, their microscopic
origin and relationship to magnetoelasticity has remained
an issue of controversial debate.3”® Recently we have
observed”!® a phenomenon pivotal to an understanding
of the Invar question: the velocities of longitudinal ul-
trasonic modes decrease when hydrostatic pressure is ap-
plied to the ferromagnetic Invar alloy Fe,,Pt,;. Al-
though (dC,;/9P)p~-, and (3C;/0P)p—, [where
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C (=(C,+C,+2Cy)/2)] are positive in the
paramagnetic phase, both are negative in the ferromag-
netic phase of Fe,,Pt,s.”!° Below the Curie temperature
T (0Cy,/0P)p - and (3C; /OP)p - are negative due to
a magnetoelastic interaction. A second recently recog-
nized property to be added to the diverse range of anom-
alous properties that constitute aspects of Invar behav-
ior>>11~13 is that for Fe,,Pty; the bulk modulus de-
creases with pressure: this material shows the extraordi-
nary feature of becoming easier to squeeze when pressure
is applied to it.!° Thus ultrasonic studies under pressure
have provided the first experimental evidence for negative
longitudinal acoustic mode Griineisen parameters in the
ferromagnetic phase—as suggested® independently on
the basis of itinerant electron magnetism theory—an ob-
servation that is directly pertinent to the Invar problem
accounting!® for the negative thermal expansion ob-
served'® in Fe,,Pt,g.

A thermodynamic property such as thermal expansion,
which is a consequence of atomic thermal motion, must
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be governed by the anharmonicity of lattice vibrations in-
corporating contributions from phonons of wave vectors
k which span the entire Brillouin zone in each branch p
of the dispersion curves. In the quasiharmonic approxi-
mation the thermal Griineisen parameter y'", a widely
used measure of net vibrational anharmonicity, is related
to the volume thermal expansion a, and specific heat C
by

_ aVVBS _ ayVBT
G c,

,yth (1)

where BS and BT are the isentropic and isothermal bulk
moduli, respectively. The thermal Griineisen parameter
y™ is the weighted average of all the individual mode (i)
Griineisen parameters v ;:

r=3cr,/3c. @)

Measurements of the hydrostatic pressure derivatives of
the elastic stiffness tensor components can be used to
determine the Griineisen parameters of the acoustic
modes in the long-wavelength limit and so enable the
effects of these modes to be separated from those of opti-
cal modes and higher-wave-vector acoustic modes. The
discovery”!® of negative values for the longitudinal
acoustic mode Griineisen parameters indicates that the
anomalous vibrational anharmonicity of these modes
must be largely responsible for negative thermal expan-
sion!* of Fe,,Pt,; between about 260 K and the Curie
temperature 7.

Magnetically induced volume changes are usually
small in metals and alloys. Invar-type materials comprise
the exception in that magnetic ordering produces very
large volume effects, and in the Fe-Pt alloys below T¢
these more than compensate the normal lattice expansion
with the result that the net effect of vibrational anhar-
monicity is a negative thermal expansivity. In the Fe-Ni
alloys compensation leads to a small thermal expansion,
that of Fe-35 at. % Ni being close to zero around room
temperature.! An important question is whether the con-
cept of longitudinal acoustic mode softening induced by
the magnetoelastic interaction can provide a single
framework in which to accommodate the Invar behavior
of the Fe-Ni as well as the Fe-Pt alloys. To examine this
the program has included measurements of the
(3Cy; /OP)p—, for the classic Invar composition Fe-35
at. % Ni with instructive results. The work on Fe-35
at. % Ni complements that of Renaud!® who measured
the effects of hydrostatic pressure on the elastic constants
for a range of Fe-Ni Invar alloys. However, the Invar
anomaly is much more pronounced in Fe;Pt, which has
the largest negative thermal expansion in the Fe-Pt alloy
system and so the central purpose here is to describe and
discuss in detail the experimental results obtained for the
pressure dependence of the velocities of ultrasonic modes
propagated through Fe,,Pt,;. To examine a general pro-
position that longitudinal mode softening due to the mag-
netoelastic interaction is the source of the Invar behavior
in iron alloys, the experimental study of the elastic behav-
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ior under pressure has been extended to Fe,,Pt,sNi,
another alloy which shows negative thermal expansion.

Both the Fe-Ni and Fe-Pt Invar alloys show a lattice
instability against a displacive transformation from a fcc
to a bet martensite structure.!” Ultrasonic wave velocity
measurements provide a direct test of whether a displa-
cive phase transition is accompanied by softening of a
long-wavelength acoustic-phonon mode and so can be
categorized as an elastic phase transition. Inspection of
the data of Hausch and Warlimont'® for the behavior of
the elastic stiffnesses of Fe-Ni alloys with temperature re-
veals that the shear stiffness (C,; —C,)/2 is small and
decreases even further as the Martensitic start tempera-
ture M, is approached. For the Fe-Pt alloys
(Cy,—C,,)/2 is also small.* In the case of Fe,sPt;s
(Cy;—C4,)/2 becomes almost zero at 205 K where the
ultrasonic echoes disappear abruptly so that this temper-
ature can be identified as M,.!” These elastic stiffness
tensor component measurements indicate that the sym-
metry breaking at the fcc-bet transition in Fe-Ni and Fe-
Pt alloys is shear on {(110) planes in (110) directions
driven by softening of the corresponding zone-center
acoustic phonon.!® This suggestion is now explored in
detail by considering the effect of temperature on the
elastic stiffness tensor components.

II. EXPERIMENTAL DETERMINATION OF THE
TEMPERATURE DEPENDENCES OF THE
HYDROSTATIC PRESSURE DERIVATIVES OF
THE ELASTIC STIFFNESS TENSOR COMPONENTS

Large single crystals are required for precision mea-
surements of ultrasonic wave velocities and their pressure
dependences. Crystals of centimeter dimensions were
grown by the Bridgman-Stockbarger process. The disor-
dered Fe,,Pt,s crystal becomes ferromagnetic at T, of
367 K.'° The Fe,,Pt,sNij alloy has a Curie temperature
of 405 K. Inspection of the phase diagram?® for disor-
dered Fe-Pt alloys shows that the fcc-bect martensitic
phase transformation occurs for a composition just below
28 at. % Pt. However, a 28-at. % Pt alloy should remain
fcc down to 4.2 K; the particular crystal of Fe,,Pt,q
whose results are discussed here does so0.!° Crystals were
orientated on a three-arc goniometer to +0.5° using Laue
back-reflection photography. Ultrasonic samples were
cut and polished with two faces, normal to the required
propagation direction, flat to surface irregularities of
about 2 um and parallel to better than 10~3 rad. Ul-
trasonic wave velocities measurements were made along
[100] and [001] directions. X- and Y-cut quartz transduc-
ers were used to generate and detect 10-MHz ultrasonic
pulses. Satisfactory acoustic coupling could be achieved
above room temperature using Dow Resin 276-V9 and
below room temperature with Nonaq stopcock grease.
Ultrasonic pulse transit times were measured using the
pulse-echo overlap technique?! capable of resolution of
velocity changes to 1 part in 10° and particularly well
suited to the determination of pressure- or temperature-
induced changes in velocity. Results were corrected for
transducer diffraction effects wusing the methods
developed by Kittinger.?> Hydrostatic pressure was ap-
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plied in a piston and cylinder apparatus sealed with Viton 8
O rings. Silicone fluid was used as the pressure transmit- A IQox =
ting medium: the lowest temperature at which experi- Z, -
ments could be made was limited by the stringent re- Lf
quirement that the pressure transmitting oil must remain
liquid to ensure hydrostatic conditions. Temperatures -
above room temperature were reached within the pres- & Ig52 @
sure cell by using a heating element wrapped around the IS - -
outside of the pressure cylinder. During pressure runs it =
was essential to ensure that velocity measurements were ”
made at the same controlled temperature (£0.1°C) be- gl &< o~
cause ultrasonic wave velocity depends strongly upon Ell fasg g£ RN
temperature. The pressure was measured using the R
change in resistance of a precalibrated manganin wire <
coil inside the cell. For further details of the experimen- Sl . a
tal setup see Flower and Saunders. > %’ 23 - +taae @
S| §g| === -~
III. THE ELASTIC STIFFNESS TENSOR E =&
COMPONENTS AND THEIR TEMPERATURE %
DEPENDENCES =1IERD —
-l Z . Q% T o
A quantitative description of the response of a material o E E’ ===
to stress requires knowledge of the second-order elastic % -
constants (SOEC) and their behavior under pressure and =
temperature. Since anomalous elastic properties are an It = o
. : . 3 Z © XN N
integral part of Invar behavior, they have been extensive- £ G R R I
ly studied before for Fe-Ni,?%2>1%1% Fe-Pt, %! and Fe- g i
Pt-Ni!® alloys. To obtain the temperature dependence of E
the pressure derivatives accurately, it is essential to mea- 2l -
sure the ultrasonic wave velocity and its temperature J|| Az 898 &
dependence as well as the change under pressure in the = % o ~e= 7
same crystals, especially for these alloys having composi- i 3 g
tion sensitive elastic properties. This has been done here. Q .
The adiabatic SOEC elastic stiffnesses for Fe;,Pty, 2
Fe,,Pt,sNi;, and FegsNijs are compared in Table I with ‘g g - E
data for related alloys obtained by other workers and 2l & o I oS
those of the component elements Fe, Ni, and Pt. Before g &
attempting to consider the ways in which the second- E -
order elastic stiffness tensor components indicate special §
effects in the alloys, it may be well to recall the charac- @ < =
teristics of simple solids. If the ions are sited at the e sl 5
centers of symmetry, as in a fcc crystal, and the intera- &;3 & S
tomic potential is purely radial and independent of angle, 3
then the Cauchy relationship C,, =C,, should hold. Of 2 .
course all metals, even the simplest but especially the .g . & — o~ \2
transition elements, breach this, partly owing to the effect Sl Z < Iow¥ o
of volume dependent forces in severing the Cauchy rela- E &
tions, and partly owing to having noncentral forces. Usu- o
ally fcc crystals exhibit marked shear anisotropy with ; = _
(C;; —C,,)/2 being substantially less than C,,. One in- =2 é T,
triguing feature of the Fe-Pt and Fe-Ni alloys is that C; < o A
is much smaller than that in the elements. This dimin- a = ?
ished C,; [and C; (=(C,;+C,+2C4)/2)] as compared 2 o
with the elements establishes that the long-wavelength 2 =
longitudinal phonons are exceptionally soft. This is also § 8
a property of the antiferromagnetic MngsNigCg and 2 k
Mng;Ni;C4 Invar alloys to the extent that C;; can be less E = Té‘-
than C,, so that the longitudinal ultrasound velocity is 2 O g
slower than that of the shear mode along a {100) direc- 2 J: 2
tion.?*2?° If the martensite transition at low temperatures 8.2 3,00 8 -
23] S} L R

is destined to be cubic to tetragonal, noting the low value
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of C,, one might ask why does it not take place by the
obvious mechanism, namely, by softening of the {100)
longitudinal vibrations? The answer stems from the fact
that one consequence of a small value of C,; is that the
shear stiffness C'(=(C;; —C,)/2) is also reduced.

The elastic stiffness tensor components of each of the
alloys Fe,,Pt,q (Fig. 1), Fe;,Pt,sNi; (Fig. 2), and FegsNijs
(Fig. 3) show the markedly anomalous elastic behavior
with temperatures characteristic of these Invar iron al-
loys.#% 10181924 1n  particular the shear modulus
(Cy;—C;;)/2 of each alloy decreases substantially with
reducing temperature. In the cases of Fe,,Pt,; (Table II)
and Fe,,Pt,sNi; (Table III) C,, also shows this anoma-
lous reduction. For these alloys (C,; —C,,)/2 is substan-
tially smaller than C,: the shear anisotropy ratio
[A4=2C4/(C,;—C,,)] is large (Fig. 4). These alloys
show little resistance to shear on a (110) plane in a
(110) direction. The temperature dependences of the
shear anisotropy ratio C,,/C’' (Fig. 4) show that for
Fe;,Pt,; and Fe.,PtysNi; (C); —C,,)/2 decreases much
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FIG. 1. The temperature dependences of the elastic

stiffnesses (a) C,;, (b) C (=(C,;+C;,+2C4)/2), and (c)
C'(=(Cy; —C\;)/2) of monocrystalline Fe;,Pt,g.
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faster than C, but not for FegNijs. Furthermore
C,,/C' becomes very large for Fe,,Pt,sNi; at low tem-
peratures as (C;;—C,)/2 reduces as the martensitic
start temperature M, at 170 K for this alloy is ap-
proached. Previous measurements'® of the ultrasonic
wave velocities were made in Fe;,Pt,sNi; down to 170 K
by which temperature (C;; —C;,)/2 in particular had be-
come very small (about 2 GPa). Hence as the tempera-
ture is reduced the shear modes, especially that associat-
ed with C’, soften. Decrease of C’ to a small value evi-
dences incipient shear instability against the fcc-fct trans-
formation. The strong response to a shear in a {110)
direction on a {110) plane reveals that the low tempera-
ture fcc-fet transition has a ferroelastic mechanism at the
atomic level with the soft mode being a {110) polarized
long-wavelength shear-acoustic phonon propagated in a
(110) direction and the order parameter being the asso-
ciated strain tensor (27;3—733—",,)/V3 (in Lagrangian
strain tensor components 7);;) spanning a one-
dimensional nonidentical irreducible subspace.>*~3* The
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FIG. 2. The temperature dependences of the elastic

stiffnesses (a) C;;, (b) C., and (c) C’ of monocrystalline
Fe;,Pt,sNi;.
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invariants of physical significance, which appear as
powers and products of the basis vectors, are now re-
quired. The elastic free energy per unit mass expressed as
a series in the finite Lagrangian strain tensor components
7;; for the cubic m3m Laue group is
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FIG. 4. The shear anisotropy ratio A(=2C,4,/(C,;—C;))
of Fe;,Ptys (solid circles), Fe,,Pt;sNi; (solid squares), and
FeqsNiss (open squares) as a function of temperature.
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\I’:%Cn("l%l+”’7%z+7)§3H‘C12(7711"722+77117733+7722”’733)
+%C44("I%2+7I%3+’7%3) . (3)

For a purely elastic transition it is necessary to work with
symmetry-adapted strain tensor combinations, i.e., those
which form bases for the irreducible representations.
Hence expression (1) has been transformed under the in-
variance principle from the finite strain tensor space to an
irreducible strain space spanned by six strain tensor com-
ponents acting as eigenvectors:3%313

o=+ 02+ 153 »

M=y —mu—11)/V3, A4;

1= (20— 05— 1) /Y3 5
77’112(27722_7111_7733)/‘/1 E; 4)
M= "M M= 33

M=nn"my, T;

M=N23 M4~ M3 N5~ N2 -

The strains 19, (1,,7,), and (15,1,,715) span three irre-
ducible subspaces. 79 represents a volume change, is in-
variant under the group symmetry elements, and spans a
one-dimensional irreducible subspace. At lowest order 7,
is equal to (¢/a—1); it describes a volume-conserving
tetragonal {001) distortion while 7, is a shear in a (110)
direction on a {110} plane. In the irreducible strain-
tensor space the Landau free energy to second order in
Lagrangian strain is
W="L(C,; +2C ) ()P +HCy; = Cyp)(mi+m3)

+1Chu(mi+mi+ni) . (5

The observation that the shear stiffness (C;;, —C,)/2
goes toward zero as M| is approached indicates that the
fcc-bet transition in these alloys is ferroelastic in nature
and thus complies with the unified view that structural
changes driven by zone center modes results from freez-
ing in of the displacement of the atoms induced by the
soft shear mode. The transition is ferrodistortive retain-
ing the same number of atoms, one in this case, per unit
cell.

The temperature dependences of the velocities of longi-
tudinal ultrasonic modes propagated along the [001] and
[110] directions for Fe,,Pt,5 (Fig. 1) and Fe,,Pt,sNi; (Fig.
2) are in accord with previous observations made by
Hausch* on Fe,;,Pty that C;, (=(C,;+C,+2Cy)/2)
decreases to a minimum somewhat below the Curie tem-
perature. For Fe,,Pt,; and Fe,,Pt,sNi; both Cy; and C;
show magnetically induced decreases starting well above
the Curie temperature. The position of the similar
minimum observed for Fe-Ni alloys does not shift appre-
ciably in a saturating magnetic field indicating that the
source of the small values of C;; and C; in the ferromag-
netic state is an intrinsic magnetoelastic interaction rath-
er than a domain-wall stress effect.!® This is confirmed
by observations of the minimum in the bulk modulus,
determined from lattice parameter measurements—
which should not be much affected by domain-wall
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effects.3® The magnetic contribution increases with de-
creasing temperature below the Curie temperature until it
more than counterbalances the usual anharmonic contri-
bution at lower temperatures causing C,;; and C; to in-
crease as the temperature is reduced. The minimum in
C,, is located at lower temperatures for Fe,,Pt,sNi; than
for Fe,,Pt,;, implying that the magnetoelastic interaction
for the former is weaker than for Fe,,Pt,s.

IV. THE HYDROSTATIC PRESSURE
DERIVATIVES OF THE ELASTIC STIFFNESS
TENSOR COMPONENTS AND THEIR
TEMPERATURE DEPENDENCES

To study the effects of pressure on the elastic behavior
of the alloys, the pressure dependence f' (=df /dP) of
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the pulse echo overlap frequency f was measured for
each ultrasonic mode at fixed temperature. In general
the overlap frequency f was found to be linearly depen-
dent upon pressure. The pressure derivative of the mode
velocity was determined from?3®

1
LA
f By

where p,, By, and V|, are the density, bulk modulus, and
ultrasonic mode velocity, respectively, at atmospheric
pressure. The effect of hydrostatic pressure on the natu-
ral velocity of ultrasonic waves was then determined.
From the slopes of the pressure dependences of the natu-
ral velocity W, the hydrostatic pressure derivatives of the
elastic constants have been calculated at atmospheric

(pV?*)=pV3} , (6)
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FIG. 5. The relative change with hydrostatic pressure in natural velocity of ultrasonic waves_propagated in r'no.n'ocrystalline
Fe,,Ptyg in the ferromagnetic state at 293 K (a) N[001], U[001], (b) N[110], U[110], (¢) N[110], U[llO],‘ and in the v1.c1m'ty of T at
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respectively.
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pressure by using

aP

Cu d(poW?)p—o

= (7
rp=0 (Ch+2cT) dp

A strikingly anomalous feature of the results obtained
for Fe,,Pty; (Fig. 5) is that in the ferromagnetic state
(typified here by the data obtained at 293 K) the veloci-
ties of the longitudinal modes propagated along the [001]
and [110] directions decrease with increasing pressure
[Figs. 5(a) and 5(b)]. The velocity of the [110] shear wave
propagated down the [110] direction increases in the nor-
mal way under pressure. In the paramagnetic state each
of the mode velocities shows the usual increase under
pressure: the anomalous longitudinal mode softening is
restricted to the ferromagnetic state. From the results
obtained at 353 K just below the Curie temperature
shown in Fig. 6 it can be seen that when pressure is ap-
plied so as to drive the crystal toward T (dT, /dP is neg-
ative) the sign of the pressure dependence changes from
negative to positive. The property that (3C3, /3P)r p is
equal to zero at a pressure of 0.7 X 10® Pa and 353 K is
directly related to the minimum observed at 360 K in the
temperature dependence of C,;; (Fig. 1): this elastic
stiffness has an extremum in T, P coordinate space. The
anomalous negative pressure dependences of the veloci-
ties of longitudinal modes propagated along the [001] and
[110] directions are also shown by Fe;,Pt,sNij; in its fer-
romagnetic state [Figs. 7(a) and 7(b)], the velocity of the
[110] shear wave propagated down the [110] direction
again having the normal positive pressure gradient [Fig.
7(c)]). In the case of ferromagnetic FeysNi;s the velocities
of longitudinal and shear modes each increase with pres-
sure [Figs. 7(d)-7(f)]; this particular observation is not
new: it was found by Renaud!® who made measurements
of the hydrostatic pressure derivatives of the elastic con-
stants for Fe-Ni Invar alloys in the composition range
31.5 to 50 at. % Ni as a function of temperature from 77
to about 560 K. His results show that the (dC;; /9P)p—,

0 01 ' 0.2
Pressure (GPa)

Relative change in natural velocity (107%)

FIG. 6 The relative change induced by hydrostatic pressure
in natural velocity of the longitudinal ultrasonic waves pro-
pagated along the [001] direction in monocrystalline Fe,,Pt,g at
353 K, which is just below T.. The application of pressure
drives the crystal toward the Curie point.
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and particularly (3C; /3P)p_, vary enormously with
temperature. In support of the suggestion®®!° that the
longitudinal acoustic mode softening plays the crucial
role in causing Invar behavior is the observation in the
present work that the alloy containing 35 at. % Ni, which
has the smallest thermal expansion has a comparatively
small value (6.17 at room temperature) of (3C; /OP)p_.
Furthermore Renaud”® found an even smaller
(8Cy /3P)p —( value (2.58) for the 42 at. % Ni alloy.

The hydrostatic pressure derivatives (3C5, /dP)p_, of
the elastic stiffness tensor components of Fe,,Pty,
Fe;,Pt)sNi;, and FegsNijs at room temperature are com-
pared with those of the component elements Fe and Ni in
Table I. Clearly the elastic behavior under pressure of
the Invar alloys is completely different from those of the
metals of the ferromagnetic elements. (8C,; /3P)p—, is a
large negative quantity for the Fe;,Pt,s and Fe,,Pt,sNi,
alloys, although for bcc Fe and fcc Ni it has the usual
positive sign and has a magnitude in the range normally
found for cubic metals. In the ferromagnetic phase pres-
sure has the extremely unusual effect of reducing the lon-
gitudinal mode velocities and hence C,; and C;. As a re-
sult the pressure derivative (9BS/3P),_, of the adiabatic
bulk modulus BS (=(C,; +2C,,)/3) is a large negative
quantity [Fig. 1(a)]: this alloy becomes easier to compress
as pressure is applied. In the case of FegsNiss
(3BS/0P)p_, is slightly positive; however inspection of
Renaud’s'® data shows that both the Invar alloys
FegNijg and FeggNiy, in the ferromagnetic state have
small negative values for (3BS/3P)p_,. The large nega-
tive (0B°/3P)p_, (a newly recognized invar property in
the Fe-Pt alloys)'? relates directly to the negative thermal
expansion: both properties involve the cubic term in the
strain energy of the identical irreducible representation
79, the volume strain (1,,+,,+733) [Eq. 4)]. The nega-
tive thermal expansions of the Fe;,Pt,; and Fe,,Pt,sNi,
alloys are consistent with the large negative values
(—12.0 and —14.3, respectively) of the Slater gamma,*’
which is given in an isotropic Debye model by

dB

dP

Ys™

1 1
> 6 | (8

The overriding importance of volume strain in Invar be-
havior in the ferromagnetic state is emphasized by the
finding that while (8C,,/0P)p_,, (3C./3P)p_, and
(dB°/0P)p _g are all large negative quantities for Fe;,Pt,g
and Fe,;,Pt)sNi; alloys, the volume-conserving shear
moduli Cy, usually and C’ always increase with pressure
in the normal way (Tables II and III). In the paramag-
netic phase all the elastic stiffnesses, and hence the mode
frequencies and energies, increase with pressure. Thus
the negative values of (3C,, /dP)p_, and (3B5/dP)p_,
found only in the ferromagnetic phase are a consequence
of a magnetovolume interaction.

The pressure derivatives of the SOEC have been mea-
sured for Fe;,Pt,s from 230 to 360 K, for Fe,,Pt,sNi,
from 250 to 340 K and for FegsNijs at room temperature
(Fig. 8). The pressure derivative (3C’'/dP)p—_, of the
shear stiffness C’ is almost independent of temperature.
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However for FesPt,3 both (3C,;/0P)p-, and
(dCy /0P)p—q pass through a pronounced minimum at a
temperature substantially below 7., a feature which
parallels the behavior of the thermal expansion.!'® The
nonlinear acoustic properties can be correlated with the
thermal expansion by recourse to the Griineisen parame-
ter approach and we now turn to that.

V. LONGITUDINAL ACOUSTIC MODE
SOFTENING, GRUNEISEN PARAMETERS,
AND NEGATIVE THERMAL EXPANSION

A negative hydrostatic pressure derivative of an ul-
trasonic mode velocity and the associated elastic stiffness
implies the unusual attribute that under induced stress
the long wavelength acoustic mode frequencies »,(q) and
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energies decrease. The dependence of the acoustic mode
frequency w; on volume can be expressed as a mode
Griineisen ¥

0 Inw;,
olnV

Yi——

9

T

which can be obtained from the measurements of the
elastic stiffness tensor components and their dependences
on pressure. In the anisotropic continuum model the
mode ¥, for a cubic crystal are given by>®

y;=(1/6w)(3B +2w +k) , (10)
where
w=C_K,+CyuK,+C,K; , (11)
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FIG. 7. The relative change with hydrostatic pressure in natural velocity of ultrasonic waves propagated in the ferromagnetic
states at 293 K in monocrystalline Fe;,Pt,sNi; (a) N[001], U[001], (b) N[110], U[110], (c) N[110], U[110], and in monocrystalline
FesNiss (d) N[001], U[001], () N[110], U[110], (/) N[110], U[110].



45 ACOUSTIC-MODE VIBRATIONAL ANHARMONICITY RELATED ...

k=C,K,+C,K,+CsK, , (12)
with
K,=N3U?+N3iU3+N2IU3?, (13)
K, =(NyUs+N;3U, P +(N3U, +N, Uy )’
+(N,U,+N,U,)*, (14)

K;=2(N,N,U,U;+N;N,UU,+N,N,U,U,), (15

C
(Cyyy +2C )=~ |2C,, +2C, +(C,, +2Cyy) —al%
(C144+2C166):— C11+2C12+C44+(C11+2C12)

aC,,
(Cip3+2C 1 p)=— | —C;; —C 1, H(Cy +2C,) P

From the data obtained for the adiabatic SOEC elastic
stiffnesses and their hydrostatic pressure derivatives the
v; have been computed for Fe,,Pt,; and Fe;,Pt,sNi; as a
function of mode propagation direction. The depen-
dences upon the propagation vector N of the y(p,N) for
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FIG. 8. Hydrostatic pressure derivatives of elastic stiffness
tensor components of Fe;,Pt,; (crosses) and Fe,,Pt,sNi; (solid
circles) as a function of temperature: (a) (3C;, /0P)p—q, (b)
(8C; /3P)p—g, (c) (3C’' /OP)p —o.
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C,=Cy +2Cyy, , (16)
C,=Ci4s1t2C 4 (17)
Cy=Cp3+2Cy, . (18)

Here N; and U, are direction cosines for wave propaga-
tion and polarization directions, respectively. The third-
order elastic constant combinations C,, C,, and C; [Egs.
(16), (17), and (18)] have been obtained using

(19)
P=0
, (20)
P=0
(21)
=0

each acoustic branch p near k=0 in directions in the
symmetry planes normal to the twofold and fourfold
directions are plotted in Fig. 9 for Fe,,Pt,; and for
Fe,,Pt,sNi; in Fig. 10. These Griineisen parameters
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FIG. 9. Long-wavelength acoustic-mode Griineisen parame-
ters of Fe;,Pt,; as a function of mode propagation direction (a)
in the ferromagnetic state at 293 K: longitudinal (open circles)
and shear (solid circles and crosses) modes and (b) in the vicinity
of T, at 360 K: longitudinal (open circles) and shear (solid cir-
cles and crosses) modes.
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quantify the vibrational anharmonicity to first order (that
is, for the cubic term in the strain Hamiltonian) of the
acoustic modes at the Brillouin zone center. In the
paramagnetic state the y(p,N) show normal behavior in
all being positive: the mode frequencies and energies in-
crease under pressure. However in the ferromagnetic
state Fe,,Ptye (Fig. 9) and Fe,,Pt,sNi; (Fig. 10) show the
striking feature that all the longitudinal and quasilongitu-
dinal long-wavelength modes have negative y’s. In this
respect Fe;,Pt,s and Fe,,Pt,sNi; contrast markedly with
the FegsNi;s alloy for which the pressure derivatives of
the elastic constants (Table I), the mode Griineisen pa-
rameters (Fig. 10), and the thermal expansion1 are all
positive.

The measurements of the hydrostatic pressure deriva-
tives of the SOEC made for Fe,,Pt,; from 230 to 360 K
and for Fe,,Pt,sNi; from 250 to 340 K, shown in Fig. 8,
enable determination of the acoustic mode Griineisen pa-
rameters over these temperature ranges. For both
Fe,,Pt,; and Fe,,Pt,sNi; the temperature dependence of
the Griineisen gamma ¥ ;[100] of the longitudinal mode
propagated in a (100) direction remains negative from
220 K up to T, passing through a minimum at about 315
K (Fig. 11). As the temperature is raised, the hydrostatic
pressure derivatives of the longitudinal mode velocities
and hence their Griineisen y’s decrease and eventually
just below T the diminishing magnetoelastic interaction
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which leads to the longitudinal mode softening is
counterbalanced by the more usual positive contribution
from vibrational anharmonicity; therefore the longitudi-
nal mode y’s become positive close to the transition to
the paramagnetic state. The pressure derivative also
shows a broad minimum in this temperature range [Fig.
11(c)].

There is a direct link between the longitudinal mode
softening and the negative thermal expansion which also
is due to the anharmonicity of lattice vibrations but in-
cludes contributions from phonons of wave vectors span-
ning the entire Brillouin zone in all branches. In the
quasiharmonic approximation the corresponding thermal
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FIG. 11. The temperature dependences of (a) the hydrostatic
pressure derivative (3BS/3dP)p— of the adiabatic bulk modulus
(solid line: Fe;,Pt,g; dotted line: Fe,,Pt,sNi;; square: Fe; solid
circle: FegsNiss), (b) the long-wavelength longitudinal acoustic-
mode Griineisen gamma y;[100] (solid circles: Fe,,Pt,s; open
circles: Fe,,Pt,sNi;; square: FegsNijs), and (c) the mean elastic
Griineisen parameter y° (solid line: Fe;Pty; dotted line:
Fe;,Pt,sNisy; square: FegsNiss) and the thermal Griineisen pa-
rameter y'".
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Griineisen parameter y'! is the weighted average, given
by Eq. (2), of all the individual excited mode (i) Griineisen
parameters ¥; [Eq. (9)]. At high temperatures
(T>>®,;0% about 320 K) the heat capacity C; per
mode becomes equal to the Boltzmann constant. The
thermal Griineisen parameter y'" has been determined
using thermal expansion, specific heat (W. Pepperhoff,
private communication) and bulk modulus data in Eq. (1)
and is compared with y® in Fig. 11(c). The temperature
dependence of the thermal expansion can be understood
in the following way. As temperature is reduced, optical
phonons freeze out first and their contributions, and
those of the population of the large wave vector k acous-
tic mode phonons of higher energy, to ¥™ and B decrease,
so that the long-wavelength acoustic phonons, whose
Grilineisen y’s are shown in Figs. 9 and 10 for Fe;,Ptyg
and Fe;,Pt,Ni;, respectively, play an increasingly impor-
tant role. The temperature dependence of the mean
long-wavelength acoustic-mode Griineisen parameter 7,
given by the sum (1/127) Szcm [ ¥(p,N)dQ over all
zone-center modes (ZCM), is shown in Fig. 11(c). The
thermal expansion results from the mutual cancellation
of effects from modes having Griineisen parameters some
of negative and others of positive sign. In the summation
[Eq. (2)] yielding y'™, the influence of the longitudinal
modes, which have negative Griineisen ¥’s in the fer-
romagnetic state, overrides that from the transverse
modes which have positive but numerically smaller
y(p,N) (Figs. 9 and 10). Further confirmation that the
negative thermal expansion does indeed result from the
soft longitudinal mode contributions comes from con-
sideration of the temperature range over which the effect
occurs. The markedly sample-dependent thermal expan-
sion in a Fe,,Pt,; specimen was found to be negative be-
tween about 260 and 376 K with a minimum at about 350
K. Fe,,Pt,sNi; shows similar behavior.'¢ Inspection of
the temperature dependences of 7, [100] and y (Fig. 11)
shows why negative thermal expansion occurs only in
this restricted range. While y; [100] remains negative
down to 220 K it has a comparatively small value at the
lower temperatures so that ¢, which sums over both
longitudinal and shear modes, becomes positive again.
There is a range of temperature in which the contribution
of the longitudinal acoustic modes causes the thermal ex-
pansion to be negative. The combination of reduction of
the longitudinal Griineisen parameters and freeze out of
these modes at low temperature leads to domination by
the lower energy transverse acoustic modes with positive
Griineisen parameters, so that the thermal expansion
resumes the normal positive sign.

While this experimental work has been in progress
there has been a relevant development in theoretical un-
derstanding of the anomalous volume behavior of Invars
in terms of itinerant electron magnetism.® In general the
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volume thermal expansion coefficient B is given by
_ 1 oP el oP ph | _
=8 |ar Tor |TRathm @2

where P, (= —dF,/dV) and P,,(=—3F,/dV) are the
pressures due to the electrons and phonons, respectively,
F being the free energy. Throughout the long list of
theoretical models trying to solve the Invar problem it
has been customary to attribute the origin of the anoma-
lous volume behavior solely to the electron contribution,
while assuming that B, behaves normally even in the fer-
romagnetic state. Kim® has proposed that the phonon
contribution to the free energy of a ferromagnetic metal,
as well as that from electrons, must also depend on mag-
netization. He finds that the theory of itinerant electron
ferromagnetism in circumstances that apply to Fe;Pt pre-
dicts negative longitudinal mode Griineisen parameters
due to the magnetoelastic interaction, as observed experi-
mentally,”!? and hence to a negative thermal expansion.
For Fe,Pt in particular a numerical but qualitative calcu-
lation based on a model density of states function with
two maxima in the band does predict a negative phonon
Griineisen parameter, its actual value and hence that of
Bph being very sensitive on the location of the Fermi ener-
gy. Although Kim has directed his attention to under-
standing bulk effects, in particular volume expansion and
bulk modulus, in fact his approach using the jellium mod-
el restricts his argument to longitudinal acoustic phonons
because these are the only modes which can propagate.
Hence his prediction actually refers to a negative
Griineisen parameter for these particular phonons in the
ferromagnetic state—the pressure dependences of longi-
tudinal wave velocities found here not only establish that
this is true but also measure quantitatively the mode pa-
rameters themselves. This accord between experiment
and theory indicates strongly that the Invar effects in Fe-
Pt alloys result directly and naturally from contributions
from the soft longitudinal acoustic phonons outwaying
those from other modes which may show the more usual
positive dependence of frequency upon volume or pres-
sure.

To conclude, acoustic mode softening plays a dominant
role in the elastic behavior and phase stability of Fe-Pt
and Fe-Ni alloys. Longitudinal mode softening is inti-
mately bound up with the Invar properties in the fer-
romagnetic state. Shear mode softening drives the mar-
tensitic fce-bet structural transition.
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