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INVAR BEHAVIOR IN Fe-Ni ALLOYS IS
PREDOMINANTLY A LOCAL MOMENT EFFECT
ARISING FROM THE MAGNETIC EXCHANGE
INTERACTIONS BETWEEN HIGH MOMENTS
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I argue that the main models that have been advanced to explain Invar behavior in Fe—Ni alloys (the original,
classical, Invar system) can all be shown to be critically deficient, except one: The local moment frustration
model of Rancourt and Dang (Phys. Rev. B, 54, 12225, 1996). The latter model explains all the measured
structural, magnetic, and magnetovolume features of the Fe—Ni alloys with 0—-65apc (atomic percent) Fe,
based on the assumptions that these systems are predominantly high-moment in character at the temperatures
of interest and that the Fe—Fe pairs have large inter-atomic separation dependencies of their magnetic
exchange parameters. The large magnetovolume Fe—Fe couplings are understood (based on ab initio electronic
structure calculations) as a precursor effect of the low-moment/high-moment (LM/HM) transition that has
recently been observed to occur at larger Fe concentrations, as a continuous transition occurring in the
range ~65-75apc Fe (Lagarec, Ph.D. thesis, 2001).
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1. INTRODUCTION

The Invar Problem, to uncover the main cause(s) of Invar behavior in classical FegsNiss
Invar, has not yet been solved to the general satisfaction of a majority of researchers in
the field of magnetovolume effects (Sato, 1978; Shiga, 1994). This is evident by the
large variety of quite different proposed models and the large variety of opinions
about which features of the observed behaviors of Fe—Ni alloys are “essential” and
which are ““ancillary”. Indeed, it was obvious also at this symposium.

In this context, it is useful to proceed by elimination, since several proposed models
can be shown to clearly contradict the most direct interpretations of experimental
observations. Only one valid contradiction is needed to invalidate a given model. I
draw attention to a select number of recent results and publications that deserve special
acknowledgement because they provide pivotal arguments. A valid model must then
explain all the observed features and must be general enough to elucidate the behaviors
of other alloy systems and to provide some predictive insight.
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2. CRITICAL EXAMINATION OF PROPOSED MODELS FOR INVAR

I examine the following models and classes of models (these will be referred to either
by name or as model-A, etc.):

(A) the weak itinerant ferromagnetism model of Wohlfarth (1979),

(B) the ionic two-y-state model of Weiss (1963); Matsui ef al. (1980); Chikazumi (1979),

(C) the latent antiferromagnetism model of Menshikov (1980) and Carr (1952),

(D) models based on the proposition that the Invar effect arises directly from the proxi-
mity in energy, compared to kg7 at room temperature, of LM and HM electronic
structures, by virtue of the LM phase having a smaller equilibrium volume,

(E) models based on a necessity for chemical clustering or local environment effects or
some degree of long range or short range chemical order,

(F) models, such as expressed in particular in a very recent article by van Schilfgaarde
et al. (1999), that are based on the necessity for a non-collinear spin structure, and

(G) the local moment frustration model of Rancourt and Dang (1996).

One recent article, by Lagarec and Rancourt (1999), allows one to eliminate several
of the above models and is therefore worth describing. Lagarec and Rancourt reexa-
mined the remarkable experimental results of Dumpich et al. (1992) who synthesized
face centered cubic (FCC) FegsNiss samples that exhibited the usual Invar effect
(a very small thermal expansion coefficient in the neighborhood of room temperature)
but did not exhibit the usual deviation from the Slater—Pauling curve. That is, these
samples, contrary to ordinary quenched FegsNizs Invar, were collinear ferromagnets
having the saturation magnetization predicted by Slater—Pauling behavior. Lagarec
and Rancourt showed that these and other observations are explained by the presence
of Fe;Ni-type chemical order in the novel samples of Dumpich et al. This is very
significant because it establishes that the Invar behavior of FCC FegsNiss does not
depend on either a non-collinear spin structure or the degree of long range or short
range chemical order or a deviation from the Slater—Pauling curve. Consequently,
models A, E, and F must be wrong.

Model-C is the precursor to model-G in that both are HM local moment models. The
main feature of model-C is that non-collinear spin arrangements were proposed to be
the main causes of the observed magnetic anomalies. In model-C, the magnetovolume
anomalies were then explained as arising from a large Fe-Fe magnetovolume coupling
(i.e., inter-atomic separation dependence of the exchange) that needed to be postulated
ad hoc. All of this is reasonable, and consistent with experimental observations, but the
required sign of the magnetovolume coupling parameter was opposite to that recently
obtained (Sabiryanov et al., 1995) by ab initio electronic structure calculations.
Rancourt and Dang (model-G) recognized the importance of magnetic exchange
bond frustration in that it effectively changes the sign of the required magnetovolume
coupling parameter. Note that, in this context, one must carefully distinguish magnetic
exchange bond frustration (in which the exchange bonds are not energetically satisfied)
from one of its possible consequences: non-collinear spin structures.

Model-B is the pre-ab initio precursor of model-D. These two models are often linked
conceptually although it is important to clearly distinguish them. Model-B is a local
ionic state model whereas model-D is based on or inspired by ab initio electronic struc-
ture calculations (applicable only at 7= 0K) that find either LM or HM extended
phases to be stabilized, depending on the value of the imposed lattice parameter.



INVAR BEHAVIOR IN Fe-Ni 203

Model-B postulates that the Fe ions have low-spin and high-spin states with energies
that are not too different from thermal energy at room temperature, for excitations
from one to the other to occur. There is no direct experimental evidence for the exist-
ence of two such states of Fe ions in Fe—Ni alloys, as should be easily observed, for
example, by *’Fe Mdossbauer spectroscopy. Whereas model-B offers explicit mean
field calculation methods for making quantitative comparisons with experiment,
expressions of model-D usually do not but are more based on the general (and wide-
spread) idea (Wassermann, 1987, 1990, 1991; Moruzzi, 1989, 1992a,b; Moroni and
Jarlborg, 1989, 1990; Buchholz et al., 1994; Mohn et al., 1989, 1991; Hoffmann et al.,
1993; Entel et al., 1993; Schroter et al., 1995) that the Invar effect is a contraction
(as temperature is raised) that directly arises from stabilization of or thermal excitation
towards the LM phase that is predicted to occur at smaller lattice parameter values in
(T = 0K) ab initio calculations.

So, we are left with two main contenders: Local moment models (models C and G)
and LM/HM models (models B and D). How can these two be resolved? I offer the
following arguments that LM/HM models must be abandoned in favor of the local
moment frustration model of Rancourt and Dang. The reader should be warned that
this is not to say that a LM/HM transition does not occur in the Fe—Ni system, nor
that it does not have significant measurable effects, nor that the same electrons that
cooperate to cause a LM/HM transition (at larger Fe concentrations) do not also
cause the particular conditions (large magnetovolume coupling parameter and bond
frustration) that validate the local moment frustration model (at near Invar and smaller
Fe concentrations). The point, however, is that classical FegsNizs Invar is predomi-
nantly a HM alloy with strong magnetic exchange interactions, although it is at a com-
position where the continuous LM/HM transition has partially occurred (Lagarec,
2001; Lagerec et al., 2001). By comparison, consider that the electronic structure is
also the predominant factor determining the presence of the martensitic transition
(FCC to body centered cubic structure) that occurs at higher Fe concentrations, as
the FCC component undergoes a LM/HM transition (Lagarec, 2001) and that this
structural transition is not believed to play a direct role in Invar behavior.

3. WHY LM/HM MODELS FOR INVAR BEHAVIOR
SHOULD BE ABANDONED

The LM/HM proposal can be expressed as follows: “LLM and HM phases are calculated
to have differences in energy per atom that are comparable to kg T at room temperature.
Therefore, thermal excitation from the larger volume HM phase to the smaller volume
LM phase, as temperature is increased, can explain the Invar effect.” This is a popular
current picture of Invar, that is repeated in various forms in many published articles
(Wassermann, 1987, 1990, 1991; Moruzzi, 1989, 1992a,b; Moroni and Jarlborg, 1989,
1990; Buchholz et al., 1994; Mohn et al., 1989, 1991; Hoffmann et al., 1993; Entel
et al., 1993; Schroter et al., 1999). The main problems with this view are as follows.
First, the electronic structure calculations relate to an extended uniform phase, not a
local ionic state. Therefore, the correct energy of excitation must relate to a certain
volume of the excited phase in a matrix of the lower energy phase, with proper interfa-
cial energy term. Also, as it turns out, more refined ab initio calculations that allow
local environment effects and non-collinear spin structures find that separate LM
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and HM local minima of the energy do not occur but that, instead, one obtains a
continuous transition from LM character to HM character, as the lattice parameter
is increased (van Schilfgaarde e al., 1999; Akai and Dederichs, 1993; Wang et al.,
1997; James et al., 1999). The relation to the original two-y-states model now becomes
tenuous indeed.

Secondly, there has been experimental evidence since 1989 (Rancourt et al., 1989)
that LM and HM phases can coexist as separate extended phases, in a broad composi-
tion range of Fe—Ni including FegsNiss Invar. This is further supported by compelling
results from Fe—Ni-bearing meteorites (Rancourt and Scorzelli, 1995; Rancourt et al.,
1999), in which separate Fe—-Ni LM phases (antitaenite) are clearly identified and
shown to be quite different from the coexisting Fe—Ni HM phases (taenite and tetratae-
nite). Taken together, these experimental results imply that LM and HM phases in the
Fe—Ni system are separate extended phases that are mainly stabilized by composition
and by microstructural constraints and that cannot easily be thermally transformed
one into the other.

Thirdly, one must contend with the undeniable experimental observation that Invar
behavior, in the entire FCC Fe—Ni series, is intimately linked to the alloys’ (HM)
ferromagnetism. It sets in at the Curie points, on decreasing the temperature, and it
occurs over a broad composition range that includes the unambiguously HM more
Fe-poor alloys. In addition, the paramagnetic states (above the Curie points) have
normal thermal expansions and large magnetic moment magnitudes. The Invar effect
is not confined to FegsNizs but occurs continuously over a broad concentration
range of the FCC alloys (~25-70apc Fe), yet the alloys in the range 0 to ~ 60apc
Fe are unambiguously pure HM alloys, with moment magnitudes of 2.8 ug/Fe-atom
and 0.6 up/Ni-atom. In a LM/HM picture of Invar (models B and D) one must add
ad hoc modifications or proposals in order to couple the calculated Invar behavior
to the underlying ferromagnetism whereas in local moment models (models C and
G) this coupling occurs naturally because the magnetovolume effect arises from the
local moment interactions and directly depends on the degree of magnetic order at a
given temperature.

Fourthly and perhaps most importantly, all low-spin/high-spin and LM-HM pro-
posals require the Invar effect to be a contraction relative to normal (HM non-
magnetovolume) behavior whereas the measured Invar effect is an expansion. It is an
expansion both relative to the paramagnetic behaviors of all the magnetovolume-
active FCC Fe—Ni alloys, when the above Curie point normal thermal behaviors are
extrapolated down to lower temperatures, and relative to the Vegard’s law (Vegard,
1928; Thorpe et al., 1991) extrapolation in composition (at fixed temperature below
all Curie points) of the lattice parameters from the non-magnetovolume-active alloys
(0-25apc Fe) to the compositions of magnetovolume-active alloys, as recently shown
by Lagerec (2001) and Lagerec er al. (2001). This is the experimental proof that
LM/HM models are wrong. The extrapolated normal behavior from the HM paramag-
netic state temperatures of alloys that are unambiguously purely HM in character
shows the low temperature magnetovolume deviation to be an expansion relative to
this normal behavior. An expansion is incompatible with the proposed LM/HM
mechanism that relies on stabilization or excitation towards a smaller volume phase
in the magnetovolume active region.

One could argue that the paramagnetic state of FegsNiss Invar is not a normal
HM state and that, therefore, the LM/HM mechanism is not incompatible with the
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temperature extrapolation but this would leave three problems: (1) One would need
different magnetovolume mechanisms for near Invar compositions and all unambigu-
ously HM FCC Fe-Ni alloys that are magnetovolume active, whereas the degree
of magnetovolume strength varies continuously with composition. (2) One would still
need to explain the above mentioned expansion with respect to the low Fe concentra-
tion Vegard’s law, again observed in a broad composition range spanning unambi-
guously HM alloys (Lagarec, 2001; Lagerec et al., 2001). (3) One would need to
reconcile this view with both direct moment magnitude measurements in FegsNiss at
high temperature that find only moderately reduced moments (Shull and Wilkinson,
1955; Collins et al., 1962; Hatherly et al., 1964; Ishikawa et al., 1979; Brown et al.,
1989) and the recent isomer shift measurements of Lagarec (2001) and Lagerec et al.
(2001) at temperatures across the Curie point in FegsNiss that show only a moderate
change in electronic structure with increasing temperature. Invar (FegsNiss) is not a
purely HM alloy but it must now be understood to be predominantly a HM alloy,
on the HM edge of the predominantly composition controlled LM/HM transition.

4. LOCAL MOMENT FRUSTRATION MODEL, ITS 4B INITIO
JUSTIFICATION, AND ITS LIMITS

In a series of papers (Dang et al., 1995; Dubé¢ et al., 1995; Dang and Rancourt, 1996;
Grossmann and Rancourt, 1996) culminating in the description of the local moment
frustration model (Rancourt and Dang, 1996), we have shown by various mean
field theory and Monte Carlo calculations that a simple HM local moment model,
with fixed moment magnitudes on Fe and Ni, three constant exchange parameters
for Fe—Fe, Fe—Ni, and Ni—Ni pairs, and one non-zero constant magnetovolume coup-
ling parameter, Ji, p. = 0JFcFc/0r, for Fe-Fe pairs, can reproduce the composition
and temperature dependencies of all the physical properties of interest: saturation
magnetization and deviation from the Slater—Pauling curve, thermal expansion, Curie
point, spontaneous volume change, paraprocess high-field magnetic susceptibility,
chemical order-disorder effects, bulk modulus, magnetic specific heat, etc. This simple
model, with only four adjustable parameters, gives good qualitative agreement and
at worst correct orders of magnitudes in the entire range 0 to ~ 65apc Fe and at all
relevant temperatures, provided the Fe-Ni and Ni—Ni exchange interactions are
relatively large and positive (i.e., ferromagnetic), the Fe—Fe exchange interaction is
somewhat smaller and negative (antiferromagnetic), and 9Jp.r./0r is large and positive
(+10* K/A, with the Hamiltonian used by Rancourt and Dang (1996)).

The negative Fe—Fe exchange parameter causes some spin non-collinearity, which is
the main cause of the deviation from the Slater—Pauling curve at lower Fe concen-
trations. The great majority of Fe—Fe exchange bonds, however, are energetically
frustrated and contribute to the bulk ferromagnetic moment. This frustration changes
the sign of the magnetovolume effect by causing the positive 9Jg. g/ to produce an
expansion, as required. This is a key point, the spin structure need not be non-collinear
but the Fe-Fe exchange bonds must be predominantly frustrated (by the dominant
Fe—Ni and Ni—Ni ferromagnetic interactions) to allow the positive dJge ge/0r to produce
the correct sign of the magnetovolume effect.

At this stage, the local moment frustration model was fully developed, and com-
pelling in its simplicity, but two problems remained: (1) there was no fundamental
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justification for the values of the exchange parameters and of dJp._p./0r that were
required to make it all work, and (2) the model predictions gradually broke down as
the concentration was increased above ~65apc Fe. Both of these problems have
now been resolved. Although not published in relation to magnetovolume effects
or Invar behavior, the paper by Sabiryanov et al. (1995) reported the first ab initio cal-
culations of the Fe—Fe exchange and its inter-atomic separation (i.e., lattice parameter)
dependence for FCC iron (their Fig. 6). We noticed this paper by accident several years
after its publication and found that at the lattice parameter value where the Fe—Fe
exchange had the correct value (20K, converted to the Hamiltonian used by
Rancourt and Dang (1996)), the derivative, /g, ge/dr, also had the correct value. At
this value of the lattice parameter, the model FCC iron system had not undergone its
LM/HM transition and was in a clearly HM state, near the HM edge of the transition
region, see Fig. 6 of Sabiryanov et al. (1995). Indeed, Fig. 6 of Sabiryanov et al.’s
paper is probably the single most important published ab initio result with regards
to explaining Invar behavior in Fe-rich FCC alloys, although no mention of Invar is
made in it.

The second problem, regarding degradation of the local moment frustration model
above ~ 65 apc Fe, can now also be understood. A composition driven LM/HM transi-
tion does occur in the FCC Fe—Ni system, as first predicted by Abrikosov et al. (1995)
(although they incorrectly claimed that it directly caused the Invar effect, via the
LM/HM mechanism (model-D above)) and as first observed only very recently by
Lagarec (2001) and Lagerec et al. (2001). This transition is not taken into account
in the local moment models that use constant moment magnitudes and constant inter-
action parameters. The degree of disagreement between local moment model predic-
tions and measurements, at large Fe concentrations, can therefore be taken as a rough
measure of the extent to which the system has evolved towards the LM state, in a con-
tinuous transition that starts as the concentration exceeds ~ 65apc Fe. Classical
FegsNizs Invar must be interpreted as having a small amount of LM character while
being predominantly HM in nature. Its Invar effect is a local moment effect. Indeed,
the direct LM/HM contribution to its magnetovolume effect must have an opposite
sign to its dominant local moment contribution and serves to diminish it somewhat.

5. CONCLUSION

In the author’s opinion, as outlined above, the Invar problem is now solved. Significant
further improvements in understanding and intellectual satisfaction will only come with
the development of adequate non-zero temperature ab initio calculations that can
handle all the required realistic features that, at present, are modelled phenomeno-
logically and to a high degree of realism by local moment models. Our main concluding
points are as follows.

(1) The Invar effect in Fe-Ni and probably all Fe-rich FCC alloys is predominantly a
HM local moment effect arising from inter-moment exchange and magnetovolume
interactions, as described in the HM local moment frustration model of Rancourt
and Dang (1996) (model-G in our above list). In particular, this model explains
both the broad range in compositions over which an Invar effect occurs and the
fact that the effect is intimately linked to the spontaneous ferromagnetism.
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The Invar effect is an expansion, relative to normal (HM non-magnetovolume)
behavior, not a contraction as would be required by all LM/HM mechanisms for
Invar behavior. This invalidates models B and D in our above list.

The weak itinerant ferromagnetism model, the models based on a necessity for
chemical clustering or local environment effects or some degree of long range or
short range chemical order, and the models that are based on the necessity for a
non-collinear spin structure (models A, E, and F) are rigorously ruled out, based
on the recent work of Lagarec and Rancourt (1999).

Proximity of the LM/HM transition gives rise to the right combination of Fe—Fe
exchange and magnetovolume interactions, as precursor effects of the transition
and its associated significant loss of moment magnitude. That is, composition-
driven changes in the electronic structure of the FCC alloys manifest themselves
first as unusual interaction parameters, followed by moment magnitude loss and
continued changes in the interaction parameters, as Fe concentration is increased.
Non-collinear spin structures are not an essential feature for Invar behavior, not
even in Fe-Ni. They are only a possible manifestation of the Fe—Fe exchange
bond frustration that, in Fe-Ni, is an essential feature for Invar behavior.
Otherwise, the predicted positive coupling could not produce the required expan-
sions, relative to normal HM behavior.

As pointed out by Lagarec (2001) , although it does not in Fe—Ni, Invar behavior
could possibly arise without Fe-Fe exchange bond frustration in other FCC
Fe-based alloys. According to our interpretation of the results of Sabiryanov
et al. (1995) (their Fig. 6), this would occur further away from the LM/HM transi-
tion, on the HM side, where the Fe—Fe exchange is ferromagnetic and the magne-
tovolume coupling is still positive (although smaller than in the near transition
region). With ferromagnetic bonds, they need not be frustrated (and would not
be) to produce an expansion, although such a system would have a smaller magne-
tovolume effect because it would not be taking advantage of the exchange slope that
is largest near the LM/HM transition, see Fig. 6 of Sabiryanov et al. (1995).

The LM/HM transition is much more sensitive to composition than it is to tem-
perature. Nonetheless, high temperatures do induce a small amount of migration
towards the LM phase in FegsNijs Invar due to loss of HM stabilization from
the loss of HM magnetic order, although it remains predominantly high moment
at all temperatures of interest (Lagarec, 2001; Lagerec et al., 2001). In this context,
we must understand temperature as driving the system along a LM/HM continuum
of homogeneous phases, depending on the concomitant effects of magnetic order,
chemical order, moment orientational entropy, thermal expansion, etc. For
example, very Fe-rich FCC Fe-Ni alloys that have LM ground states are found
to evolve towards the HM phase as temperature is increased (Lagarec, 2001).
This gives rise to the so called anti-Invar effect (Acet et al., 1994a,b; Uhl and
Kiibler, 1997). So, anti-Invar behavior is a direct manifestation of the LM/HM
instability but Invar behavior is not.

The local moment frustration model (model-G) correctly predicts the influences of
chemical order on the magnetic, thermal, and magnetovolume properties of HM
FCC Fe—Ni alloys (0-65apc Fe), with no free parameters (Rancourt and Dang,
1996; Lagarec and Rancourt, 1999; Dang et al., 1995; Dubé et al., 1995; Dang
and Rancourt, 1996; Grossmann and Rancourt, 1996). This represents significant
predictive power that no other quantitative model of Invar behavior has achieved.



208 D.G. RANCOURT

Acknowledgements

Financial support was provided by the Natural Sciences and Engineering Research
Council of Canada. I thank Prof. S.K. Bose, Dr. M.-Z. Dang, A. Densmore, M.
Dubé, Prof. R.A. Dunlap, Dr. B. Grossmann, Dr. P.R.L. Heron, Dr. Ken Lagarec,
Prof. J.Y. Ping, and Dr. R.B. Scorzelli for helpful discussions.

References

Abrikosov, I.A., Eriksson, O., Soderlind, P., Skriver, H.L. et al. (1995). Theoretical aspects of the Fe Ni;_,.
Invar alloy. Phys. Rev. B, 51, 1058.

Acet, M., Schneider, T., Ziahres, H., Wassermann, E.F. et al. (1994a). Anti-Invar in Fe-Ni. J. Appl. Phys.,
75, 7015.

Acet, M., Zihres, H., Wassermann, E.F. and Pepperhoff, W. (1994b). High-temperature moment-volume
instability and anti-Invar of y-Fe. Phys. Rev. B, 49, 6012.

Akai, H. and Dederichs, P.H. (1993). Local moment disorder in ferromagnetic alloys. Phys. Rev. B, 47, 8739.

Brown, P.J., Jassim, I.K., Neumann, K.U. and Ziebeck, K.R.A. (1989). Neutron scattering from invar alloys.
Physica B, 161, 9.

Buchholz, B., Wassermann, E.F., Pepperhoff, W. and Acet, M. (1994). Ir spectroscopy on FeNi and FePt
Invar alloys. J. Appl. Phys., 75, 7012.

Carr, W.J.J. (1952). Intrinsic magnetization in alloys. Phys. Rev., 85, 590.

Chikazumi, S. (1979). Invar anomalies. J. Magn. Magn. Mater., 10, 113.

Collins, M.F., Jones, R.V. and Lowde, R.D. (1962). On the magnetic moments and the degree of order in
iron-nickel alloys. J. Phys. Soc. Jpn., 17, 19.

Dang, M.Z., Dubé, M., and Rancourt, D.G. (1995). Local moment magnetism of FCC Fe-Ni alloys II. Ising
approximation Monte Carlo. J. Magn. Magn. Mater., 147, 133.

Dang, M.Z. and Rancourt, D. (1996). Simultaneous magnetic and chemical order—disorder phenomena in
Fes35Ni, Fe-Ni and FeNi;. Phys. Rev. B, 53, 2291.

Dubé¢, M., Heron, P.R.L. and Rancourt, D.G. (1995). Local moment magnetism of FCC Fe-Ni alloys I.
Cluster-method mean field theory. J. Magn. Magn. Mater., 147, 122.

Dumpich, G., Késtner, J., Kirschbaum, U., Mihlbauer, H. et a/. (1992). Invar behaviour of fcc Fe;_,Ni, thin
films. Phys. Rev. B, 46, 9258.

Entel, P., Hoffmann, E., Mohn, P., Schwarz, K. et al. (1993). First-principles calculations of the instability
leading to the Invar effect. Phys. Rev. B, 47, 8706.

Grossmann, B. and Rancourt, D.G. (1996). Simulation of magneto-volume effects in ferromagnets by a
combined molecular dynamics and Monte Carlo approach. Phys. Rev. B, 54, 12294.

Hatherly, M., Hirakawa, K., Lowde, R.D., Mallett, J.F. et al. (1964). Spin wave energies and exchange
parameters in Fe-Ni alloys. Proc. Phys. Soc., 84, 55.

Hoffmann, E., Herper, H., Entel, P., Mishra, S.G. ef al. (1993). Microscopic theory of the martensitic transi-
tion in Fe;_Ni,. Phys. Rev. B, 47, 5589.

Ishikawa, Y., Ondoera, S. and Tajima, K. (1979). Magnetic excitations in Invar alloys, FegsNiss and Fe;Pt.
J. Magn. Magn. Mater., 10, 183.

James, P., Eriksson, O., Johansson, B. and Abrikosov, .A. (1999). Calculated magnetic properties of binary
alloys between Fe, Co, Ni, and Cu. Phys. Rev. B, 59, 419.

Lagarec, K. (2001). Resolving the magnetic and structural anomalies in face centred cubic Fe-Ni alloys.
A solution to the Invar and anti-Invar problems (PhD thesis). University of Ottawa, Ottawa.

Lagarec, K. and Rancourt, D.G. (1999). Fe;Ni-type chemical order in FegsNijs films grown by evaporation:
Implications regarding the Invar problem. Phys. Rev. B, 62, 978.

Lagerec, K., Rancourt, D.G., Bose, S.K. and Dunlap, R.A. (2001). First observation of a composition-
controlled LM/HM transition in the FCC Fe-Ni system: Implications regarding Invar and anti-Invar
behaviours. Phase Transitions, these proceedings.

Matsui, M., Adachi, K. and Chikazumi, S. (1980). Magnetic and thermal anomalies of Invar alloys. J. Appl.
Phys., 51, 6319.

Menshikov, A.Z. (1980). On the Invar problem. Physica B, 161, 1.

Mohn, P., Schwarz, K. and Wagner, D. (1989). Magneto-volume effects in Fe-Ni Invar: A first principles
theory. Physica B, 161, 153.

Mohn, P., Schwarz, K. and Wagner, D. (1991). Magnetoelastic anomalies in Fe—Ni Invar alloys. Phys. Rev. B,
43, 3318.

Moroni, E.G. and Jarlborg, T. (1989). Invar properties in Fe-Ni system from band theory. Physica B,
161, 115.



INVAR BEHAVIOR IN Fe-Ni 209

Moroni, E.G. and Jarlborg, T. (1990). Calculation of Invar anomalies. Phys. Rev. B, 41, 9600.

Moruzzi, V.L. (1989). Magnetic instabilities in Invar. Physica B, 161, 99.

Moruzzi, V.L. (1992a). High-spin and low-spin states in Invar and related alloys. Phys. Rev. B, 41, 6939.

Moruzzi, V.L. (1992b). Theory of Invar. Solid State Commun., 83, 739.

Rancourt, D.G., Chehab, S. and Lamarche, G. (1989). Reentrant magnetism, antiferromagnetism, and
domain wall pinning in nominally ferromagnetic Fe-Ni Invar. J. Magn. Magn. Mater., 78, 129.

Rancourt, D.G. and Dang, M.Z. (1996). Relation between anomalous magneto-volume behaviour and
magnetic frustration in Invar alloys. Phys. Rev. B, 54, 12225.

Rancourt, D.G., Lagarec, K., Densmore, A., Dunlap, R.A. et al. (1999). Experimental proof of the distinct
electronic structure of a new meteoritic Fe-Ni alloy phase. J. Magn. Magn. Mater., 191, L255.

Rancourt, D.G. and Scorzelli, R.B. (1995). Low spin y-Fe-Ni (y;5), proposed as a new mineral in
Fe—Ni-bearing meteorites: Epitaxial intergrowth of v, ¢ and tetrataenite as possible equilibrium state at
~ 2040 at.% Ni. J. Magn. Magn. Mater., 150, 30.

Sabiryanov, R.F., Bose, S.K. and Mryasov, O.N. (1995). Effect of topological disorder on the itinerant
magnetism of Fe and Co. Phys. Rev. B, 51, 8958.

Sato, H. (1978). Physics and Applications of Invar Alloys. Maruzen Company Ltd., Tokyo.

Schroter, M., Ebert, H., Akai, H., Entel, P. (1995). First-principles investigation of atomic disorder effects on
magnetic and structural instabilities in transition-metal alloys. Phys. Rev. B, 52, 188.

Shiga, M. (1994). Invar alloys. In: Cahn, R.W., Haasen, P. and Kramer, E.J. (Eds.), Materials Science and
Technology, Vol. 3B, 159. VCH, Weinheim.

Shull, C.G. and Wilkinson, M.K. (1955). Neutron diffraction studies of the magnetic structure of alloys of
transition elements. Phys. Rev., 97, 304.

Thorpe, M.F., Jin, W. and Mahanti, S.D. (1991). Vegard’s law in random two-dimensional alloys.
In: Blackman, J.A. and Tagiiena, J. (Eds.), Disorder in Condensed Matter Physics, 22. Oxford
University Press, New York.

Uhl, M. and Kiibler, J. (1997). Exchange-coupled spin-fluctuation theory calculation of magneto-elastic
properties. J. Phys.: Condens. Matter, 9, 7885.

van Schilfgaarde, M., Abrikosov, I.A. and Johansson, B. (1999). Origin of the Invar effect in iron-nickel
alloys. Nature, 400, 46.

Vegard, L. (1928). Die Rontgenstrahlen im Dienste der Erforschung der Materie. Z. Kristallogr., 67, 239.

Wang, Y., Stocks, G.M., Nicholson, D.M.C., Shelton, W.A. et al. (1997). Noncollinear magnetic structure
in Ni0A35FCO‘65‘ J. Appl PhyS., 81, 3873.

Wassermann, E.F. (1987). Invar: A new approach to an old problem of magnetism. Festkorperprobleme,
27, 85.

Wassermann, E.F. (1990). Moment-volume instabilities in transition metals and alloys. In: Buschow, K.H.J.
(Ed.), Handbook of Magnetic Materials, Vol. 5, 237. North-Holland, Amsterdam.

Wassermann, E.F. (1991). The Invar problem. J. Magn. Magn. Mater., 100, 346.

Weiss, R.J. (1963). The origin of the “Invar” effect. Proc. Phys. Soc., 82, 281.

Wohlfarth, E.P. (1979). Invar behavior in crystalline and amorphous alloys. J. Magn. Magn. Mater., 10, 120.



