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Antiferromagnetic Invar and anti-Invar in Fe-Mn alloys
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We present measurements of the thermal-expansion coefficient a(7T) on Fejg—,Mn, alloys with
15<x <60 at. % in the temperature range 4 <T <1150 K. The results show that a(T) is anomalously
enhanced especially in the high-temperature range. The total volume expansion between O K and the
melting point T, is up to 70% larger as compared to the volume expansion of a normal metal in the
range 0< T <T,,. A similar enhancement has earlier been found in fcc Fe and is referred to as the anti-
Invar effect. An analysis is presented in order to determine the quantitative anti-Invar contribution to
a(T) in Fe-Mn. The observed behavior is discussed in terms of moment-volume instabilities, which are

known to be responsible for the Invar effect.

I. INTRODUCTION

Magnetic fcc 3d alloys within certain electron concen-
trations per atom e /a exhibit the Invar effect, i.e., a re-
duced thermal-expansion coefficient a(7) in comparison
to that of a Griineisen lattice. "> The effect is observed in
ferromagnetic (FM) alloys (8.5<e/a <9) for T <T, as
well as in antiferromagnetic (AF) alloys (7.3 <e/a <7.8)
for T < Ty, and is called FM Invar and AF Invar, respec-
tively. On the other hand, fcc 3d alloys with e /a <8.5 in
the paramagnetic (PM) state have an a(T) which is larger
than that described by a Griineisen lattice.>* This is re-
ferred to as anti-Invar behavior. It is also a property of
elemental fcc Fe (Ref. 5) and fcc Mn.%” Both the reduced
a(T) of FM and AF Invar and the enhanced a(T) of
anti-Invar are caused by moment-volume instabilities
(MVDI’s).">® Total-energy calculations as a function of
moment and volume E (M, V) reveal that in FM Invar
(e.g., Fejgo—xNi,) and AF Invar (e.g., ordered Fe-Mn)
there is an energetic distortion in the E (M, V) surfaces in
the direction of smaller volumes and moments with
respect to the ground state (called “reduced anharmonici-
ty’”).>10 In anti-Invar, which is the subject of recent
theoretical research [e.g., fcc Fe (Refs. 11-14)], the effect
is in the opposite direction, i.e., the distortion is in the
direction of larger volumes and increasing moments with
respect to the ground state (“enhanced anharmonicity”).

fcc Feygo—,Mn, alloys in the concentration range
30<x <60 at. % show AF Invar properties.'>!¢ On the
other hand, with fcc Fe and fcc Mn as anti-Invar com-
ponents, fcc Fe-Mn alloys are also expected to show
anti-Invar properties in their corresponding paramagnet-
ic states. However, the existing data'>16 of a(T) on fecc
Fe-Mn are restricted to temperatures below 700 K, which
is too low for identifying the anti-Invar effect in these al-
loys. Therefore, in the present work, we measured a(7T)
of Fe;po—,Mn, up to 1150 K. The results clearly show
the enhanced nature of a(7) in the PM range and thus
the anti-Invar effect. Quantitative estimates of the volume
increase through this effect will be given.
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II. EXPERIMENT

Fe go—Mn, samples with x =15, 25, 30, 40, 50, and
60 at. % are prepared by inductive melting in argon at-
mosphere. The thermal expansion is measured by means
of two capacitive dilatometers, one with a copper capaci-
tance cell operating in the temperature range
4.2 < T <300 K, the other with a quartz push-rod capaci-
tance cell operating in the range 260< 7T <1150 K. The
thermal-expansion coefficient « is calculated from the rel-
ative length change measured in temperature intervals of
5K.

III. RESULTS AND DISCUSSION

The results of the measurements are shown in Fig. 1,
where the thermal-expansion coefficient a is plotted
versus the temperature for fcc Fe,y_,Mn, alloys with
different x. For a better representation, curves have been
shifted as indicated in the figure. Data for two alloys
with x =15 and 25 (right-hand scale in the figure) are
shown only within their corresponding fcc stability
range, because they undergo a martensitic transformation
at lower temperatures. The arrows mark the Néel tem-
peratures Ty.'""!® The overall a(T) behavior with the
strong decrease around the ordering temperature is Invar
typical; it represents the AF Invar effect.

Conventionally, the Invar contribution to a(7) is
determined by subtracting the lattice thermal-expansion
coefficient a;,(T) as calculated from a Griineisen analysis
from the experimental curve a., (7). The area between
Qa(T) and @y, (T) is then equivalent to the spontaneous
length magnetostriction A;. For a cubic lattice A is relat-
ed to w,, the spontaneous volume magnetostriction, by
A, =, =(AV/V),. a,(T)is given by

c,(T
alat(T)=l U( ) 2 (1)
3 Q[1—KU(T)/Q]
where c,(T) is the Debye specific heat at constant volume
and U(T) is the internal energy. K and Q, which are
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FIG. 1. Thermal-expansion coefficient a versus the tempera-
ture T for fcc Fejg—,Mn, alloys with different x. The curves
are shifted for clarity. Arrows mark the Néel temperatures T.
Data for the alloys with x =15 and 25 (right-hand scale), which
undergo a martensitic transformation, are shown only in their
corresponding fcc stability ranges. The full curve a.,,(7T) for
the sample with x =60 is a free-hand-drawn curve, connecting
low- and high-temperature data. The volume enhancement,
proportional to the dotted area, corresponds to the AF Invar
effect.

constants related to the interatomic potential and to the
Griineisen parameter, respectively, can be determined
from a fit of a,(T) [Eq. (1)] to the experimental high-
temperature data. In FM Invar alloys this kind of
analysis works well for T > T, because the Invar anoma-
ly has vanished, and the expansion is Grineisen-like.
However, for the present Fe-Mn alloys such an analysis is
not reasonable, because the anomalously large thermal-
expansion coefficients (@>25X10"% K™!) in the PM
range lead to unrealistic Griineisen parameters. Further-
more, the high-temperature data for T > T exhibit con-
vex curvatures, not allowing for an accurate fit of a.,(T)
to ay,(T) given by Eq. (1). Therefore, as defined in the
literature, !> A originating from the AF Invar effect is
identified with the area lying between a,,,(7) and a free-
hand drawn curve which smoothly joins the high- and the
low-temperature data. An example is shown in Fig. 1 for
x =60 (dotted area). We refer to this free-hand-drawn
curve as the enhanced reference curve and denote it by
aenh( T)

To find a physically founded reference curve describing
the anomalously large high-temperature values of a(T) of
Fe-Mn, we note that the absolute value of a,(T) of a
normal metal at half the melting temperature T, is given
by the empirical relation!®

m

T, Qi ~0.025 . 2

Furthermore, the relative volume increase AV /V be-
tween O K and T,, of such a metal is about 7% and is
given also empirically by!?

AV

Tm
| =3 fo (7T

lat

=3 [T, @, T/T,)d(T/T,)=~0.07. (3
0

The background of these two relations is the experi-
mental observation that for all normal metals the relative
average displacement of the atoms from their equilibrium
positions at the melting point is about 2.3% (Lindemann
criterion). In spite of the lack of a theoretical under-
standing of this observation, we use Egs. (2) and (3) to
find a reference curve for the thermal expansion of anti-
Invar. For this purpose we plot in Fig. 2 available
thermal-expansion data for normal fcc elements!® (e.g.,
Cu, Ni, and Pd) in the form of T,,a as a function of
(T/T,,). As expected from Egs. (2) and (3), all data lie
closely together, and thus can be described by an average
curve, representing the general expansion behavior of the
lattice of normal fcc metals. We use this average curve,
shown in Fig. 2 by the dashed line, as a new reference
curve and refer to it as the general lattice expansion
curve T, a;,(T).

In Fig. 2 we have also plotted T,,a of two of the
presently measured Fe-Mn alloys versus T/T,,. One can
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FIG. 2. Product of the melting temperatures 7,, and the
thermal-expansion coefficients a versus the reduced temperature
(T/T,,) for different fcc elements (Pd,Cu,Ni) (Ref. 19). The
dashed curve, labeled T, ai,, represents the average thermal-
expansion curve of these elements. Note in comparison the
strongly enhanced thermal expansions of two of the presently
investigated fcc Fe g ,Mn, alloys with x =30 and 60 and in
fcc Fe, for which the calculated (full) curve and the experimen-
tal data points (open triangles) are shown in the stability range
(Ref. 5). The enhanced thermal expansion in Fe-Mn and fcc Fe
is called the anti-Invar effect.
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see that in the PM range the data lie far above the gen-
eral lattice curve T,,a;,(T). The difference between the
experimental data and the general lattice curve for the
Fe-Mn alloys is the additional contribution to a(7) origi-
nating from the anti-Invar effect. Since the enhancement
of the thermal expansion earlier found in fcc Fe has been
identified also as an anti-Invar contribution,> we show its
T, a curve in Fig. 2 (open triangles in the fcc stability
range). Obviously, the maximum in T,,a originating
from the anti-Invar effect found at T'/T,, =0.25 in fcc Fe
is shifted to higher temperatures in the Fe-Mn alloys.

To separate the contributions to a(T) originating from
the anti-Invar and the AF Invar effects in Fe-Mn we plot
in Figs. 3(a) and 3(b) the experimental data
T, Cexu(T/T,,) for x =30 together with the general lat-
tice curve T, ay,(T) (full curve) as taken from Fig. 2. Ty
in these plots is shown by the arrows at Tx/T,,.
T, Qexpy( T) is the sum of three contributions and is given

by
Tm aexpt( = Tm alat( n+ Tm aanti-Invar( T)
+ Tm QAF Invar( 7). 4)

T,, A AF mvar( T) denotes the contribution from the AF In-
var effect which we assume to vanish at temperatures well
above Ty, as in FM Invar for T >T,. T,,,i.1nvarl T)
denotes the anti-Invar contribution. For the quantitative
determination of these contributions we have two possi-
bilities. The assumption that the anti-Invar effect occurs
only in the PM temperature range leads to the result
shown in Fig. 3(a). The hatched area above Ty represents
the enhanced length change associated with the anti-
Invar effect. The dotted area below T is the magnetos-
triction A, associated with the AF Invar effect. The
lower part of Fig. 3(a) is a plot of the difference
T,Aa=T, (aexpt — Q)

Since there are no finite-temperature calculations
describing the thermal behavior of the anti-Invar contri-
bution, we do not know whether the anti-Invar effect
starts at T’y or is already present at T < T. Therefore a
second way to analyze our data is to assume that the
anti-Invar effect starts at 77=0. In this manner, anti-
Invar and AF Invar contributions superpose in the range
T <Ty. The sum of T,,a,(T) and T,,a,n.tvarl 1), as
shown in Fig. 3(b), is then the enhanced reference curve
T,,0enn(T). The hatched area between T,,a..,;(T) and
T,,a,(T) is the length change associated with the anti-
Invar effect and the dotted area between T, a.,,(T) and
T,, ey (T) is the AF Invar contribution. The lower part
of Fig. 3(b) is the difference T,,Aa as given above. A
now is somewhat larger than in the analysis in Fig. 3(a).
The curve a.,;,(T) has been used in earlier publica-
tions'> !¢ as a reference to determine the AF Invar contri-
bution.

From our experimental data we cannot decide whether
the anti-Invar effect appears in the total temperature
range 0<T <T,, or starts to contribute to a(T) at
T >Ty. The answer must be left open until finite-
temperature band-structure calculations give at least an
indication where the anti-Invar behavior is supposed to

start. A comparison with pure fcc Fe is not suitable ei-
ther, since the Néel temperature Ty =68 K is too low to
allow for a conclusive comparison.

The total volume enhancement due to the anti-Invar
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FIG. 3. Plots of T,,a versus (T/T,,) showing two possible
ways of determining the different contributions from AF Invar
and anti-Invar to the thermal expansion of Fe;oMny, (full
points). (a) The two effects occur separately; AF Invar (dotted
area) in the range 0<T < Ty, anti-Invar (hatched area) in the
PM range for Ty <T <T,. T,a, (full curve) is the general
lattice curve as determined in Fig. 2. The lower plot gives the
difference T, Aa=T, (Qexpt—Qiar)- (b) The two effects super-
pose in the range below Ty. There are two different reference
curves, T, Q. (cf. Fig. 1) for determination of the AF Invar
contribution (dotted area) and T, ay,, for determination of the
anti-Invar contribution (hatched area). The difference curves are
shown in the lower part of (b).
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FIG. 4. Relative volume enhancement AV /V versus the elec-
tron concentration e /a for different fcc alloys, originating from
the FM Invar and AF Invar effects (Ref. 1) and from the anti-
Invar effect.

effect in Fe-Mn alloys calculated by the second type of
analysis up to the melting point ranges from 3.0%+0.1%
for x =30 to 4.7% for x =60 whereas the AF Invar effect
amounts to about 0.8% in all the alloys. The spontaneous
volume magnetostriction AV /V in FM Invar and the
volume enhancement in anti-Invar as a function of elec-
trons per atom e /a are collected in Fig. 4 for fcc Fe,> Fe-
Ni,>!* and Fe-Mn alloys. Note that the relative volume
increase due to the anti-Invar effect can be more than
twice as large as the volume increase due to the FM Invar
effect. This is of practical use in, e.g., bimetals which can
be composed of a FM Invar and an anti-Invar com-
ponent.
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IV. CONCLUSIONS

In this work we have shown that the thermal expan-
sion of fcc Fe-Mn alloys is considerably enhanced as
compared to the expansion of normal fcc metals. We
present a method to find a reference lattice curve for
anti-Invar alloys allowing for a quantitative determina-
tion of the AF Invar and the anti-Invar contributions to
a(T). The largest anti-Invar effect is observed in
Fe,,Mn,, which experiences a volume expansion of 12%
between T =0 and T =T,,. This is about 70% more
than the expansion of a normal metal in the same range,
which amount to ~7%.

Recent theoretical and experimental results show that
anti-Invar behavior originates from moment-volume in-
stabilities™? in a similar fashion to the FM Invar effect in
alloys like Fe-Ni or Fe-Pt. "2 Previous calculations on or-
dered Fe-Mn (Refs. 10, 20, 21) did not bring the anti-
Invar effect forward. However, calculations which are
currently being done suggest that a MVI exists on
Fe;Mn.?? Here, the AF ground state is characterized by
an antiparallel coupling of the Mn moments with respect
to the Fe moments, while at expanded volumes the mo-
ments couple ferromagnetically. This MVI gives rise to
an ‘“enhanced anharmonicity” in the total energy
E(M,V). The enhanced a(T), as measured on fcc Fe-Mn
alloys in the present work, is a direct measure of the
enhanced anharmonicity of the alloys and can be regard-
ed as a confirmation of the calculated ground-state prop-
erties.

Though first-principles calculations of a(T) at finite
temperatures are very recent, the results on Fe-Ni Invar,®
Fe-Pt Invar, 3 and fcc Fe anti-Invar!3 are promising. For
a quantitative comparison between the results of theoreti-
cal calculations and experimental data, a reliable method
for the determination of Invar and anti-Invar contribu-
tions to a(7T) is of substantial importance.
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