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We present measurements of the specific-heat capacity c,(T') and the thermal expansion coeffi-
cient a(T) on ordered and disordered FerzPt2s Invar in the temperature range 4 < T < 1200 K.
In a detailed discussion of the various contributions to the total specific-heat we show that after
properly correcting for the thermal expansion of the alloy, the specific-heat anomaly around the
Curie temperature in ordered Fe7;Pt2s is sharper than in the disordered alloy. The results for the
magnetic specific heat are compared with theoretical finite-temperature expansions of the T' = 0
band structure for FesPt, exhibiting pronounced moment-volume instabilities. In accordance with
the theoretical predictions we find that the magnetic contribution to the specific heat in the param-
agnetic range decreases with increasing temperature, and thus seems to be dominated by strong spin
fluctuations. However, the jump in ¢,(T") at T¢c observed in the model calculations is not supported
by our experiments. From a comparison of the total measured specific heat with c,(T') of a fictitious,
nonmagnetic reference material we estimate the energy, which stabilizes the magnetic Invar phase,
to be about 1 mRy/atom. This is comparable to the energetic stability of the fcc austenitic phase
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as compared to the bcc martensitic phase.

I. INTRODUCTION

During the past years there has been considerable
progress in the understanding of moment-volume insta-
bilities (MVI’s) in a certain group of fcc 3d transition-
metal alloys showing a broad spectrum of magnetovol-
ume anomalies, which form the so-called Invar effect,
when the electron concentration lies in the critical range
e/a = 8.5—8.7.173 To date, the ground-state properties of
these systems are well understood through ab initio theo-
retical calculations of the total energy as a function of the
atomic volume and moment, E(V, M). Characteristic is
the occurrence of two distinct magnetic states [two min-
ima in the E(V, M) plane], the so-called high-spin (HS)
state with a high magnetic moment and the low-spin (LS)
state with a low moment, respectively.#™® For Invar sys-
tems, the ground state is the ferromagnetic (FM) HS
state at large volumes, separated by an energy difference
of about 1 mRy from the LS state at smaller volume. The
LS state exhibits antiferromagnetic order in FeNi Invar
and FM order in FePt Invar. Systems with reversed or-
der of states, i.e., for which the LS state at small volumes
is the ground state, are called “anti-Invar” systems.10712
Experimental evidence for a transition from the HS to the
LS state in Fe;2Pt2g Invar by pressure has been given in
MoéfBbauer experiments at 4.2 K.13

The distortion in the E(V, M) plane due to the forma-
tion of a second minimum causes an additional “magnetic
anharmonicity,” which affects the equilibrium volume of
the respective alloy. Extensions of the ' = 0 band-
structure calculations to finite temperatures using a phe-
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nomenological Ginzburg-Landau (GL) formalism!4716 re-
veal that in Invar systems this anharmonicity effect is
negative and results in a partial compensation of the nor-
mal positive thermal expansion of the lattice, which is
represented by a Griineisen behavior. In anti-Invar sys-
tems just the opposite is found. These alloys exhibit a
positive magnetic anharmonicity and show an enhanced
thermal expansion at high temperatures.' %17 How-
ever, in spite of many efforts, the physical nature of the
thermal excitations in systems with MVI is still not un-
derstood. The reason is the lack of a detailed knowl-
edge of the electron-phonon coupling mechanism, allow-
ing for an understanding of the moment-volume fluctu-
ations. Moreover, the influence of existing long-range
magnetic order remains an open question. In a theoret-
ical GL formalism systems with MVI anomalies show a
first-order transition at the respective ordering tempera-
tures; in the experiments this is not the case.

To shed more light on this situation, we present in
this paper experimental data of the specific heat and the
thermal expansion coefficient of ordered and disordered
Fe73Ptog Invar, measured in the broad temperature range
0 < T < 1200 K, from far below to far above the respec-
tive Curie temperatures Tc. We show that the magnetic
contribution to the specific heat decreases with increasing
temperature in the range above T¢, in accordance with
theoretical predictions from finite-temperature GL calcu-
lations. From the enthalpy difference between T' = 0 and
T > Tc, determined from the anomalous contribution
to the specific heat as compared to that of a “normal”
metal, some information about the energy difference be-
tween the HS and the LS state in the FePt Invar will be
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derived and compared with the theoretical predictions,
too. Finally, an analysis of the Gibbs free energy as
a function of temperature allows us to understand the
phase stability of the ordered phase with respect to the
disordered one and, in a similar fashion, the relative en-
ergetic stability of the austenitic fcc phase against the
martensitic bcc phase in this alloy system.

II. EXPERIMENT

The specific-heat measurements are carried out in
a quasiadiabatic pulse calorimeter in the temperature
range 300 K< 7T < 1200 K. Figure 1 shows a schematic
drawing of the calorimeter cell. To achieve satisfactory
accuracy we use big cylindrical samples (S) of 60 mm in
length and 20 mm in diameter, weighing approximately
230 g. A bifilar heater (H), wound around a support-
ing element made of hot presssed boron nitride (HPBN)
is fixed in a central bore, which is closed by means of a
screw made of sample material to ensure that the gener-
ated heat stays within the sample. The sample is held
in position by means of the four wires of the heating ele-
ment (H), insulated with Al;O3 microcapillaries, and fed
through four holes in the top of the sample. The tem-
perature is measured with a Pt/Ptg;Rh;3 thermocouple
(TC), placed in a 20-mm-deep pinhole in the sample. An
automatically controlled ice bath is used as a reference.
Using a 6% digit nanovoltmeter, we reach a temperature
resolution of better than 2 mK. The surfaces of the sam-
ple are polished to reduce the total emissivity. The sam-
ple is surrounded by an active radiation shield (RS) made
of HPBN. The inner and outer surfaces of the shield are
covered with 25 um molybdenum foil to reduce radiation
coupling with the sample and the surrounding tube oven,
respectively. Two differential thermocouples (DT1 and
DT2) allow us to keep the radiation-shield temperature

FIG. 1. Schematic drawing of the calorimeter cell consist-
ing of the sample (S), sample thermocouple (TC), two dif-
ferential thermocouples (DT1 and DT2), the auxiliary plate
(AP), the active radiation shield (RS) made of HPBN, the
heating element (H) (HPBN), and the surrounding tube oven
(0).
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within +0.1 K of the surface temperature of the sample,
even during a heat pulse. In a similar way the auxiliary
plate (AP) (made of HPBN) compensates for the losses
via all the wires connected with the sample. All wires
are thermally anchored to this plate. As shown in Fig.
1, the cell is placed into a temperature-controlled oven
(O). The Al;O3 tube of the oven is evacuated to a pres-
sure of peng < 107° mbar prior to an experimental run
to reduce the oxygen. Measurements are done in a pure
Ar atmosphere with a typical pressure of p = 10 mbar.

The specific heat can be measured in three different
ways, by using (i) the conventional heat-pulse method,
(ii) a continuous-mode method, in which the specific heat
is determined from the time derivative of the sample tem-
perature, and (iii) a relaxation-time method, in which
the temperature of the surrounding environment is kept
constant, and the sample temperature relaxes towards it
after application of a heat pulse. We remark that the re-
sults obtained from all three methods for the same sample
differ by no more than +1.5%, which also represents the
reproducibility of our experiments.

To demonstrate the absolute accuracy and reliability of
our setup we show in Fig. 2 the results of the specific heat
(full dots and inset) as measured on pure iron as a refer-
ence material. For T < T¢ our data agree very well with
those taken from the literature.’® 22 Obviously, there is
disagreement in absolute values of cp(T') at higher tem-
peratures T' > 1000 K, a result that indicates the problem
of calibrating any specific-heat experiment in this range
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FIG. 2. Specific heat, ¢p, of pure iron vs temperature. A
comparison of our results separately plotted in the inset with
various data as taken from the literature (Refs. 18-22) reveals
a good agreement in the range T' < 1000 K. At higher temper-
atures different data scatter by up to 10%. The decrease of c,
at T' = 1183 K originates from the structural a(bcc) — v(fcc)
phase transition.



because of lack of a reliable and well-established refer-
ence material (sapphire, the National Bureau of Stan-
dards (NBS) standard, is hardly machinable to achieve
the sample geometry necessary here). Note the drop in
the specific heat of Fe because of the y-a structural tran-
sition at the A3 point of 1183 K.

III. SAMPLE PREPARATION

The Fer2Ptog sample is prepared by means of induction
melting in an Al;O3 crucible under Ar atmosphere using
99.98% Fe and 99.95% Pt as primary materials. The alloy
is kept in the liquid state for about 2 h before the crucible
is lowered out of the high-frequency coil with a velocity
of 20 mm/h. The concentration and homogeneity are
checked by means of energy-dispersive x-ray investiga-
tions to agree with the nominal value within 0.3 at. %.
The mean concentration is determined to be Fer; gPtog ;.
After being machined to the required geometry the sam-
ple is sealed in a quartz tube under a 200-mbar argon
atmosphere. The ordered state (L12) is obtained by the
following annealing sequence: 1 h at 7=900°C, 1 h at
T=800°C, 1 day at T=700°C, 4 days at T'=600°C, 10
days at T = 500°C, 1 month at T=450°C, cooling to
room temperature. The disordered sample is annealed at
T=930°C for 3 h and then quenched in water, thereby
distroying the quartz tube. The degree of order is deter-
mined by x-ray diffraction experiments. For the ordered
sample we obtain S > 0.9; the disordered sample reveals
no CuzAu-type superstructure peaks at all. Using tung-
sten powder as a reference, the lattice contants at 300 K
are determined to be a = 3.751 A for the ordered and
a = 3.748 A for the disordered sample, respectively.
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FIG. 3. Phase diagram of Feioo—-Pt. around the stoichio-
metric composition FesPt. T and TS*® denote the Curie
temperatures of the ordered and disordered alloys, respec-
tively. MZ™® and Mg*® denote the martensite start tempera-
tures. The My lines separate the fcc(y) and bec(a) stability
regions. In the hatched area premartensite is assumed to ap-
pear in the ordered phase (Ref. 33).
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The magnetic transition temperatures are determined
from resistivity measurements and the temperature de-
pendence of the magnetization in small fields. We obtain
Tgd = 505+5 K and T4* = 35545 K in good agreement
with the phase diagram?333 given in Fig. 3.

IV. RESULTS OF THE
SPECIFIC-HEAT MEASUREMENTS

Figure 4(a) shows the total specific heat c,(T) of or-
dered (full dots) and disordered (open dots) Fes;Ptag
versus temperature. Data in the range 4.2-300 K, ear-
lier measured by Schubert,3* fit very well to the high-
temperature (HT) results as achieved within this work.
The electronic contributions as determined from the low-
temperature (LT) behavior are represented by the lin-
ear coefficients 725 = 9.7 mJmole ! K~2 and e =
7.9 mJmole~*K~2. The respective Debye tempera-
tures increase with temperature from O¢i = 200 K at
T=4.2K to @f{% =318 K at T' > 75 K for the ordered
sample and from Ofi2 = 225 K to Ofs = 300 K for the
disordered Fe7;Ptgg.343% Note the anomalous behavior
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FIG. 4. (a) Specific heat ¢, of ordered and disordered
Fe72Pt2s vs temperature. The dashed line shows a Debye-type
phononic contribution, c2**¥* (©p = 318 K). The solid line
represents the specific heat of a nonmagnetic reference ma-
terial, which neither exhibits an Invar anomaly nor an or-
der-disorder transition. The arrows indicate the Curie tem-
peratures T¢c and the ordering temperature To. (b) Thermal
expansion coefficient a as a function of T for the same alloys
as shown in (a). In the HT range data can be described by a
normal metallic Griineisen behavior with ®p = 318 K (solid
line).
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of ¢, (T') in the vicinity of T., where for both the ordered
and the disordered samples we observe relatively broad
and rounded maxima, definitely not typical for a second-
order magnetic phase transition. Note further that the
maxima in ¢,(T') do not coincide with the respective T ’s.
Similar features in the specific heat around 7, have been
observed on other Invar alloys.36738

To demonstrate that the observed anomalies are
caused by thermal excitations typical for systems with
MVT’s, we show in Fig. 4(b) the thermal expansion co-
efficient o as measured as function of temperature on
the same alloys. A comparison between the two figures
immediately reveals the correlation between both physi-
cal properties. Both types of anomalies, the one in ¢, (T')
and the one in a(T'), occur simultaneously, exactly within
the same temperature range and in the vicinity of 7, for
both alloys. Note that the minima in a(T'), like the max-
ima in c,, do not lie at T.. These observations prove
that the anomalies in ¢,(T) and a(T') are caused by the
same type of thermal excitations and are of the same
physical nature. The anomalous behavior is certainly
not bound to the specific heat and thermal expansion
alone but are found in other physical properties (elastic
constants, bulk modulus, forced volume magnetostric-
tion), too.! Currently, however, the respective excita-
tions (moment-volume fluctuations or “elastomagnons”)
are not understood microscopically, as already mentioned
above.

Referring back to Fig. 4(a), we see that with increas-
ing temperature in the range above T, the specific heat
of the ordered and the disordered alloy shows an anoma-
lously “flat” behavior, i.e., hardly any further increase,
until at temperatures T' > 900 K there is the onset of
the order-disorder transition with a sharp maximum at
To = 1022 K. This value is in good agreement with
To = 1000 K found for Fer5Ptzs5 by Pepperhoff,3® but
significantly lower than the value of Tp ~ 1108 K pub-
lished by Hansen and Anderko.°

It might be striking that an order-disorder transition
is also observed for the disordered alloy. However, this
is a consequence of our experimental procedure. It takes
about one week to measure the specific heat of a sam-
ple in the range from 300 to 1200 K. Consequently, even
the disordered sample is slowly stepwise annealed and
successively ordered during the measurement. The effect
is made plausible in Fig. 5, where the temperature de-
pendence of the order parameter S (full curve) is shown
schematically as a function of temperature for a system
with L1, super structure. S jumps to zero at the crit-
ical temperature Tp because this phase transition is of
first order.*! Since the disordered state is thermodynam-
ically a nomnequilibrium state, its order parameter Sg;,
(dashed curve) increases with temperature, starting from
a small, arbitrarily chosen value at T' = 0. Depending on
the heating velocity, Sg4;s will match the equilibrium or-
der parameter S at a temperature somewhat below Tp,
but finally the initially disordered alloy will undergo the
order-disorder phase transition, too. Though the peak
width in ¢p(T') at To found experimentally is relatively
small, we do not observe a latent heat within the order-
ing range. This is probably due to the large mass of our
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FIG. 5. Schematic drawing of the temperature dependence
of the order parameter S of an ordered system with L1, super-
structure (solid line). The dashed line shows the temperature
dependence of Sgis for a disordered alloy with an arbitrarily
choosen value at T' = 0. With increasing temperature Sa;s is
assumed to successively approach the equilibrium value S at
a temperature smaller than Tp.

samples, allowing for small temperature gradients during
a heat pulse smearing out the phase transition.

V. ANALYSIS OF THE SPECIFIC-HEAT DATA

As mentioned in the Introduction, in MVI systems,
electrons and phonons are closely coupled. Since a sat-
isfactory theoretical description of the coupling at finite
temperatures is still lacking, we assume—as in normal
metals—the respective contributions to the specific heat
to be additive. ¢, is thus given by the sum of the follow-
ing terms:

Cp = C?ebye+cil+c?ag+(cp — Cy). (1)

Contributions originating from the order-disorder tran-
sitions are not taken into consideration here. cDP°Pe is
the phononic part described within the framework of a
Debye model, ¢! the electronic specific heat, c*®8 the
magnetic specific heat, and ¢, — ¢, the contribution due
to the thermal expansion of the alloy. In the following we
discuss these various contributions to the specific heat on
the basis of our experimental results.

A. Specific heat due to thermal expansion

Using first-principles thermodynamic relations,*? the
contribution of the volume expansion (or contraction)
can be calculated from the thermal expansion coefficient,
a, the molar volume, V.1, and the adiabatic bulk mod-
ulus, B,, respectively:

1
Cp—Co=¢Cp | 1— 9V B.T | - (2)
Ly 2 g Bul

Equation (2) reveals that ¢, —c, is dominated by the tem-
perature dependence of the thermal expansion coefficient

o(T).
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Values for the adiabatic bulk modulus Bgs of disordered
Fe;;Pteg can be derived from the elastic constants Cfp,,
C’, and Cy4 as determined in sound velocity measure-
ments by Hausch*?® using

’

c
Bs = Cp— — — Cua. (3)

The respective evaluation for the ordered sample is done
by using C;, data from Hausch,*® while C’ and Cy4 are
taken from inelastic neutron-scattering experiments by
Tajima et al.** The results for ¢, — c, are plotted in Fig.
6.

As is to be expected, ¢, — ¢, behaves strongly anoma-
lously around T¢. Starting from high temperatures, data
first decrease almost linearly for both types of order and
then drop to zero when the thermal expansion vanishes.
The minima in «(T) on further decreasing the temper-
ature [cf. Fig. 4(b)] yield maxima in ¢, — c,, specifi-
cally pronounced for the disordered sample, where o(T)
reaches a large negative value of —4.7 x 10~° K~! at
~ 330 K.

B. Phononic specific heat

The phononic contributions to the specific heat are
treated within the Debye model. The temperature-
dependent Debye temperature © p, which is the essential
parameter that fully specifies cD°PY¢(T'), has been deter-
mined in the earlier LT specific-heat measurements by
Schubert.?* The respective values, O%$ = 318 K and
Ogis, = 300 K (see Sec. IV) lead, Wlthln accuracy limits,
to the same dependence of cEEbye(T) for both types of
order [cf. dashed curve in Fig. 4(a)].
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FIG. 6. Temperature dependence of the contribution to
the specific heat originating from the thermal expansion
(cp —cy) for ordered (full points) and disordered (open points)
FerzPt2s. The arrows indicate the Curie temperatures.

2987
C. Electronic specific heat

A first approximation for the electronic specific heat at
HT can be done by assuming the magnetic contribution
to the specific heat to vanish at T' > T¢. That this is
a reasonable assumption is supported by the results of
o(T) in Fig. 4(b), showing that a(T) can be described
by a Griineisen curve in the HT range for T > Tg, i.e.,
the magnetic contributions are negligible here. The elec-
tronic specific heat can then be determined from Eq. (1):

= yarT (4)

is linear in T in the HT

¢y — B — (¢, —c,) = cf!
under the assumption that ¢!
range.

A reference line, suitable to determine the magnetic
contribution to the specific heat (c®8, see below) and
simultaneously leading to quantitative values of ~ygyr,
can now be found in the following way. Disregard-
ing the effects caused by the ordering, we assume that
the sum of the contributions cD*** + ¢! + (¢, — ¢,) is
equal to the experimentally determined specific heat c,
at temperatures roughly around 850 K. This leads to
Y58 = 4.6 mJmole ' K~2 for the ordered and i =
4.4 mJmole"*K~2 for the disordered sample. The re-
spective reference lines are shown in Fig..7 in the range
from 300 to 800 K for the two samples.

A comparison with the LT values3* of 'y°"d =
9.7 mJmole ' K~2 and v{it = 7.9 mJ mole~! K~2 reveals
that there are considerable reductions of the electronic
specific heat with increasing temperature in both states
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FIG. 7. Specific heat ¢, vs temperature [data as taken from
Fig. 4(a)] in the range 300 < T' < 800 K for ordered (full
points) and disordered (open points) Fe7;Ptzs. The arrows
indicate the Curie temperatures. The full lines are the ref-
erence lines as determined from the sum of the Debye con-
tribution c5°® [cf. dashed curve in Fig. 4(a)], the thermal
expansmn ¢p — ¢y (from Fig. 6), and an electronic contribu-
tion ¢, which can be determined under the assumption that
the magnetic contribution to the specific heat vanishes in the
range T > 800 K. (For further details see text.)
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of the alloy. These differences may arise from electron-
phonon (EP) interactions, which lead to an enhancement
of the LT coefficient vyt = v(T = 0):%°

Y(T) = [1+ A(T)}roare = (1 + A”;%) oare.  (5)

Here, X denotes the EP mass enhancement factor,
with a temperature dependence given by a function
Yep(T)/7Yep(0) as taken from Grimvall.#5 ~y,.. denotes
the nonenhanced coefficient determined by the electronic
density of states (DOS) at the Fermi energy N(EFr):

w2,
“Ybare = ?kBN(EF)' (6)

If the observed differences between the HT and the LT
electronic specific-heat coefficients are fully attributed to
EP interactions, we can determine from Eq. (5) 7Ypare
and A by using our experimental values of ygt and vpr
as reference points. The resulting temperature depen-
dence of y(T) for ordered Fe;3Ptqg is shown as an ex-
ample in Fig. 8(a), where c¢'/T versus T is plotted to-
gether with g5 (full point) and &% (horizontal bar).
From a plot of ¢Z/(T) in Fig. 8(b) it can be seen that,
despite of the temperature dependence of (T'), a lin-
ear behavior in the form ¢(T) = yurT is a good ap-
proximation to describe the electronic specific heat even
down to temperatures T ~ 100 K. The fits lead to
vgrd, = 5.1 mImole~?K~2 and Ag™d = 0.9 for ordered
Fe73Ptsg, and y{is, = 4.8 mJ mole™ ! K~2 and Ag® = 0.65
for the disordered sample. Of course, the corrected ypare
values should be equivalent to the electronic DOS at
the Fermi level rather than ygr. Recent theoretical
calculations*® yield A§Pe°* = 0.5 for ordered FesPt (the
respective value for the disordered alloy is not available),
thus revealing a sizable difference in comparison to the
experimental value of Ag™ = 0.9 for ordered Fe;oPtqs.
All v and A values are collected in Table I.

For comparison of the electronic v with theory we also
show in Table I values for yﬁt‘ﬁ:’, which are calculated by
means of Eq. (6) from the respective DOS.47:4® There is
accordance between experiment and theory with respect
to the fact that the -y values are always larger in the or-
dered state as compared to the disordered one. From
Table II, where the available theoretical DOS data for
FePt- and FeNi-Invar alloys are shown, it can be seen
that a similar difference between the ordered and the
disordered state results for Fe3Ni. However, as Table

TABLE I. Comparison between the experimental and the
theoretical values of the coefficients of the electronic specific
heat, v (in mJmole™! K~?), and the EP enhancement factor,
/\o, for Fe72Pt25.

Sample VLT  YHT  Ybare™  Yoare' Ao Afheor B
Ordered 9.7 4.6 5.1 3.1 0.9 0.5
Disordered 7.9 4.4 4.8 2.7 0.65 -

*Derived from a fit of Eq. (5) to vyt and yur.
bCalculated for Fe;3Pt.
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TABLE II. Electronic DOS at the Fermi level, N(E%),
taken from results of theoretical band-structure calculations
(see references in the table). The coefficients of the electronic
specific heat Ybare are evaluated from Eq. (6) for 7' = 0.

Alloy® State® N(EY%) Yoare Ref.
(Ry 'atom™) (mJmole~! K~2)
Fe3Pt (o) HS 17.6 3.0¢ 47
HS 18.2 3.1 48
FesPt (d) HS 15.8 2.7 48
Fe3Ni (o) HS 21.1 3.6 56
HS 22.4 3.8 8
LS 21.4 3.7 8
FesNi (d) HS 15.2 2.6 56
FesoNi4o (d) HS 14.6 2.5 56

*(0) and (d) mean the ordered and disordered alloys, respec-
tively.
PHS denotes the high-spin ground state and LS the low-spin
state.
°The value given in Ref. 47 is divided by 4, since the author
takes 4N 4 atoms per mole, while we take N4 atoms per mole.
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FIG. 8. Electronic contribution c' to the specific heat of
ordered Fe7zPtzs. (a) Temperature dependence in the form
Y(T) = /T vs T (dashed line) resulting from a fit of Eq.
(5) to values of yrr (full dot) and yur (horizontal bar). (b)
Resulting electronic contribution cZ! for yur (solid line) and
after Eq. (5) (dashed line).



I reveals, the theoretical values {heor are significantly
smaller than the respective experimental ones. Changes
in the electronic DOS at Er of Invar alloys can occur if,
at finite temperatures, the low-spin (LS) state instead of
the high-spin (HS) state determines the electronic prop-
erties, and thereby the DOS. Unfortunately, theoretical
data of N(EF) for the LS state in FesPt are not available
in the literature. Calculations on ordered Fe3Ni, on the
other hand, exhibit no difference between the DOS for the
HS state and the LS state at Er (cf. Table IT). Therefore,
the discrepancies between 7{,{33' and 9pare from experi-
ment are unlikely to originate from the reversal of the
states. They rather call for additional contributions to
the specific heat at HT, such as by anharmonic vibrations
or complex electronic excitations coupled to the volume
of the system.

Finally we remark that further temperature-dependent
effects on the electronic specific heat can arise from the
temperature dependence of the coefficient pare itself.
However, this rather results in a reduction of the DOS at
Er, thus increasing the discrepancy between the experi-
mental and theoretical findings.

D. Magnetic specific heat

Following the above discussion (cf. Sec. V C), the
magnetic contributions to the specific heat result from
the difference between the experimental c,(T") data and
the respective reference curves (cf. Fig. 7). Data for or-
dered (full points) and disordered (open points) Fer;Ptas
are plotted versus the temperature in Fig. 9(a). As a con-
sequence of the strongly anomalous thermal expansion,
the magnetic anomaly of the disordered sample appears
much sharper than for the disordered one.® In an ear-
lier publication,®® (¢, — c,) was assumed to be linear in
temperature even around T¢, and thus led to magnetic
anomalies sharper for the disordered than for the ordered
Fe73Ptas sample. This could not be explained, since
disorder is expected to smear out the magnetic phase
transition rather than order. The contradiction is now
resolved by the present investigations through properly
taking into account cp — ¢,

It is obvious from Fig. 9(a) that large magnetic contri-
butions to the specific heat remain at temperatures well
above the Curie temperature Tc. We think that these
originate from moment-volume fluctuations. To sup-
port this assumption, we show in Fig. 9(b) the magnetic
contribution c™*8 divided by its maximum value cj3%
versus the reduced temperature T/T¢. The solid line
represents the theoretical result from Mohn, Schwarz,
and Wagner.5! It is obtained from an expansion of the
zero-temperature band-structure results to finite temper-
atures, predicting contributions to the specific heat from
spin and volume fluctuations in the range T > Tc. A
similar finding has been published by Schrdter, Entel,
and Mishra.5? Though theory and experiment disagree in
the range around and below the Curie temperature, they
are in accordance within the range above T¢. Thus, the
experiments support the theoretical finding that there is
an almost linear decrease in the magnetic specific heat

51 THERMODYNAMIC ANALYSIS OF Fe,,Pt,s INVAR

2989

Temperature (K)
300 400 500 600 700 800

10 T . : T

1 Cs ngjrd
—~~ o
e / FezoPlys
,_04 © @ o
B 6r ° . e ordered
S s o disordered
E 47 l‘)&%%%b .\5\ |
ob

0 1 1 1 1 ®e

0.6 0.8 1.0 12 1.4 1.6
T/T¢

FIG. 9. (a) Magnetic contribution to the specific heat
c®8 of ordered and disordered FerzPtzs vs temperature.
Data result from Fig. 7 by subtracting the reference line
[eDeP® 4 5! + (cp — cv)] from the measured c,(T') data. Note
that a considerable magnetic heat capacity remains in the
paramagnetic temperature range. The arrows indicate the
Curie temperatures. (b) Reduced plot of the magnetic heat
c¢™*€ divided by its maximum value cmag vs T/Tc. The solid
line represents the theoretical result of Mohn, Schwarz, and
Wagner (Ref. 51).

with rising temperature. This contribution originates
from spin fluctuations dominating the contribution from
the volume fluctuations and appears to be typical for In-
var systems.

Theoretical calculations on Invar always exhibit very
flat minima in the total energy surfaces E(M,V), defin-
ing the ground state of the alloy. It is thus sugges-
tive to assume that a supply of little energy to the
system allows for large moment fluctuations. However,
the finite-temperature calculations based on a classical
GL approach have to be handled with care, since some-
times they yield unphysical properties such as a negative
entropy.5%1%

VI. PHASE STABILITY CONSIDERATIONS
A. Magnetovolume enthalpy

To work out Invar typical energies from the specific
heat it is necessary to find a respective nonmagnetic ref-
erence not exhibiting any Invar anomaly. Since such a
material does not exist, we choose the following proce-
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dure. It is well established that the Invar anomalies in
the thermal expansion, the elastic constants, or the spe-
cific heat occur below and around the respective Curie
temperature of an Invar system but vanish in the range
far above T¢.! Thus, we can assume that in the high-
temperature range T > T the behavior of the (hypo-
thetical) reference material and the respective Invar alloy
are equal. Provided, the Debye temperature, the elec-
tronic, and expansion contribution are the same in both
materials, the heat capacity of the reference material is
then given by

& = PP g el 4 (¢ — cu). (7)
In first approximation, all contributions but the phononic
one vary linearly with temperature. Since ©p is known
from the LT data, we can now fit the specific heat of the
reference material to the experimental data of the alloy
in such a way that both match in the HT range, disre-
garding the effects caused by the ordering. The result is
shown in Fig. 4(a) by the full curve, the “pure” Debye
contribution by the dashed curve.

On the basis of this result we now can determine the ex-
cess enthalpy, necessary to heat an Invar alloy to a given
temperature, as compared to the enthalpy for the respec-
tive nonmagnetic reference. Since the excess specific-heat
capacity is given by the relation

c*=cp— c;ef, (8)

the corresponding excess enthalpy H®* results from

T
H(T) = /0 < (r)dr. )

Figure 10 shows the result of this calculation for the or-
dered Fe72Ptys sample (full curve) and the disordered
sample (dashed curve). As can be seen from the figure,
the excess enthalpy at T¢ is about 1 mRy/atom (right-
hand scale) for both samples. Moreover, enthalpy and
internal energy are about equal, since they only differ by
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AN 110 %
2 [+
10T E
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0 ! 0
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Temperature (K)
FIG. 10. Excess enthalpy of ordered and disordered

Fe72Pt2s as derived from experimental specific heat data. The
arrows denote the magnetic transition temperatures.
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f(cp — ¢v)dT, which is a small correction. As a conse-
quence, we find the important result that the excess inter-
nal energy is of the same order of magnitude as the energy
difference between the HS and the LS state. Theoreti-
cal values (for T' = 0) for ordered Fe3Pt are AEgs-1Ls =
1 mRy/atom (Ref. 52) and AFys-Ls = 1.2 mRy/atom
(Ref. 53). Though thermal excitation processes in Invar
are far from being understood, we remark that finite-
temperature calculations have shown that, neglecting the
normal lattice anharmonicity, in ordered FezPt the HS
ground-state develops into the LS state, when the tem-
perature is raised from T = 0 to the Curie temperature.®?
As a consequence, the assumption lies close that both
quantities describe the same physical property, namely,
the energy difference necessary to excite an Invar system
from the HS ground state to the LS state in the range
fromT =0toT =T¢c.

B. Order-disorder enthalpy

In an analogous way we can find the energy difference,
which stabilizes the L1, ordered structure with respect
to the disordered one. To account for the fact that,
due to the experimental procedure, the disordered sam-
ple also undergoes the order-disorder transition, His(T')
is corrected by means of a free-hand extrapolation for
temperatures 7' > 850 K. The enthalpies of the ordered
and disordered alloy are shifted then in a way that they
match at temperatures above the ordering temperature
To, where the difference between H°'4(T) and HYs(T)
vanishes. Besides additional constant contributions from
the zero-point enthalpies, we can then calculate the re-
spective enthalpies by integrating the specific heat of the
ordered and disordered Fe7yPtgg. The resulting H(T)
data are plotted in Fig. 11(a).

For determination of the respective Gibbs free enthalpy
curves, the entropy S(T') is needed. It can be calculated
from the relation

T ord/dis .
Sord/dis(T) :/ Cp - (7') dT+S§rd/dls, (10)

0
The resulting Gibbs free enthalpy is shown in Fig. 11(b).
Note that the origins of the scales for H(T) and G(T)
in Fig. 11 are arbitrarily chosen because of the nondeter-
mined additive integration constants. Since at T' = 0 the
difference in the Gibbs free enthalpy AG*dis(T = 0)
and AH°'4dis(T = 0) are identical, we obtain the ex-
perimental result that an energy of 1.2 mRy/atom sta-
bilizes the ordered phase with respect to the disordered
one. This is comparable to theoretical results of Kuh-
nen and Da Silva,* who calculated AGo*¢dis(T = 0) =
1.67 mRy/atom for ordered (L1y) FezPd.

C. fcc-bece instability

To achieve an estimate for the energy, which sta-
bilizes the fcc phase with respect to the bcc phase,
AGePee(T = 0), we make use of the above derived re-
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FIG. 11. (a) Enthalpy H(T') and (b) Gibbs free enthalpy
G(T), as functions of the temperature for ordered (full line)
and disordered (dashed line) FerzPtas. For both thermody-
namic potentials, the data of the ordered and the disordered
sample are set equal at temperatures above the ordering tem-
perature To. Note that at T' = 0 the difference in the Gibbs
free enthalpy, AG(T = 0) = G°*® — G¥*, is equal to the en-
thalpy difference, AH(T = 0). The arrows indicate the Curie
temperatures Tc and the ordering temperature To. The ori-
gins of the H and G axes are chosen arbitrarily.

sult for the difference in the Gibbs free enthalpy between
the ordered and the disordered phase, AG°™4-dis(T = 0).
For Fe;2Ptog the ordered phase turns out to be the ther-
modynamic equilibrium phase. As a consequence, its
Gibbs free enthalpy, G°™4(T'), is smaller than G%5(T)
at all temperatures below the ordering temperature To.
Since both the ordered and the disordered alloys do not
undergo a martensitic transformation to T' = 0, the curve
G"°¢(T) must lie above G45(T') and G°*4(T) for all tem-
peratures.

From the phase diagram (Fig. 3) it can be seen that
for Fe74Pty¢ the ordered phase is fcc down to T = 0,
while the disordered alloy becomes bcc at an Mg tem-
perature somewhat below room temperature. Therefore,
evidently the Gibbs free enthalpies of Fey4Pty¢ behave
as schematically sketched in Fig. 12. Here, we restrict
our considerations to temperatures below the ordering
temperature of the system. Similarly to the Fe;3Ptag,
the ordered fcc phase is the overall thermodynamic equi-
librium phase. Thus, G°*4(T') exhibits the smallest ab-
solute values as compared to any other Gibbs free en-
thalpy. The disordered phase, on the other hand, is
separated energetically from the ordered one by the en-
thalpy difference AH°™4di8(T = 0). For Fe;yPtog we
know that AH° 4"di8(T = 0) = 1.2 mRy/atom. It is rea-

Fe, Pty
fcc, disordered
]

AG (ord-dis)
[

0 T-—

FIG. 12. Schematic drawing of the temperature depen-
dence of the Gibbs free enthalpy for the fcc-ordered phase
G°™, the fcc-disordered phase G¥*, and the bcc phase GP*°
(dashed curve), for FersPtas. The relative position of G°™9,
G¥* and GP°° is determined from the phase diagram given
in Fig. 3.

sonable to assume and known from experimental data on
Fez5Pt25 (Ref. 39) that the order-disorder enthalpy differ-
ence hardly changes when varying the concentration by
2 — 3 at. %. [However, it does not affect the argumenta-
tion to allow for a 50% uncertainty in AH°"4"dis(T = )]
Thus we can deduce that the difference in the Gibbs
free enthalpy between the ordered and the disordered
Fe74Ptog also amounts to AGerd-dis ~ 1.2 mRy/atom.

Since disordered Fer4Pty¢ undergoes a martensitic
transformation, while the ordered alloy remains fcc, the
Gibbs free enthalpy curve for the bcc phase GP°¢(T) must
lie between G4#(T) and G°*4(T') at temperatures below
the martensite start temperature Mgis. Here, we do not
distinguish between a bcc-ordered and a bcc-disordered
phase, since the bcc lattice cannot carry any 3:1 order.
Furthermore, the martensitic transformation is strongly
inhomogeneous and does not allow for long range order
in the martensite. However, differences between GPcc:ord
and GP°>4is cannot be excluded, but are assumed to be
negligible for the current discussion.

This confinement condition for G**¢(T = 0) allows us
to determine an upper limit for the fcc-bec stabilizing
energy:

AGTebee(T = 0) < 1.2 mRy/atom. (11)

Recent theoretical investigations on ordered Fe3Ni
(Ref. 55) reveal that the energy difference between the
fcc and the bec structure is ~ 1.6 mRy/atom, thus claim-
ing for the tendency of the Invar to exhibit a structural
and a magnetovolume instability side by side. Similar
calculations on FezPt are still lacking.

VII. SUMMARY AND CONCLUSION

We have measured the specific heat c,(7") and the ther-
mal expansion coefficient a(T') of ordered and disordered
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FersPtog in the temperature range 4-1200 K. In a de-
tailed analysis we deal with the c, data as consisting
of additive contributions cDbY® + ¢! + cP2€ + (¢, — ¢y)
originating from phonons, which are treated within a De-
bye model, electrons, the magnetism, and the expansion
of the lattice, respectively. We have shown that the
largely negative thermal expansion coefficient of disor-
dered FeroPtag around the Curie temperature To causes
a strong anomaly in ¢, — ¢,. This sizable contribution
explains the previously unresolved problem of a sharper
maximum in the total specific heat for the disordered
sample as compared to the ordered one.

Disregarding contributions due to the order-disorder
transition c¢! has been derived from the high-temperature
¢p data, since the Invar anomalies are known to vanish
at T > Tc¢. In accordance with the theory, we find that
the linear coefficient of the electronic specific heat  of
the ordered sample is larger than the respective value for
the disordered alloy. Together with (¢, — ¢, ) and the De-
bye contribution, which is determined from earlier low-
temperature measurements, the knowledge of ¢! allows
for a separation of the magnetic specific heat. We show
the existance of considerable magnetic contributions in
the paramagnetic temperature range that decrease al-
most linearly with increasing temperature. A compari-
son with theoretical results at finite temperatures based
on the well-established T' = 0 band-structure calcula-
tions for ordered Fe;Pt reveal that these paramagnetic
contributions are due to spin fluctuations, which domi-
nate the contemporarily occurring volume fluctuations.
They originate from the energetic instability of the high-
spin (HS) state, which is the magnetic ground state of
Fe3Pt,with respect to the low-spin (LS) state, known as
magnetovolume instability (MVI).

However, a jump of the magnetic specific heat at T¢
as predicted by the theory is not observed. Moreover,
there are quantitative discrepancies between the exper-
imental electronic specific heat and theoretical data on
the electronic DOS at the Fermi level. Most probably
this is due to the fact that neither our applied method of
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analysis nor any available theory correctly accounts for
the mutual coupling of electrons and phonons, and the
respective excitations.

From a comparison of the total measured specific heat
with ¢, (T') of a fictitious nonmagnetic reference material,
which does not exhibit any Invar anomaly, and a discus-
sion of the respective Gibbs free enthalpies we have shown
that the volume instable magnetism in Fez;Ptog Invar is
stabilized by an energy of about 1 mRy/atom. This is
equal to the energetic difference between the HS state
and the LS state in Fe3Pt as predicted by theory. More-
over, it is comparable to the energetic stability of the fcc
phase with respect to the bcc phase, AG¥cbee(T = ().
These results on Fez;Ptog resemble the well-established
coincidence of the steep decrease of the magnetic tran-
sition temperatures and the increase of the martensite
start temperatures Mg with decreasing valence electron
concentration in a narrow region around e/a ~ 8.6.3

We have also shown that the energy, which stabilizes
the ordered phase with respect to the disordered one,
AGerddi8(T = 0), is again comparable to AGFeebee(T =
0). These observations are in good agreement with the-
oretical findings, which reveal that disorder destabilizes
the magnetism:>¢ Ordered Fe3Ni, for example, turns out
to be ferromagnetic, while disordered Fe3zNi is nonmag-
netic. As can be seen from the phase diagram (Fig. 3) or-
dered Fe73Ptog exhibits a larger Curie temperature than
the disordered sample. Simultaneously, Mgis is larger
than Mg‘d, thus revealing a reduced stability of the fcc
austenite phase in disordered Fe;3Ptysg.
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