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V. Crisan}* P. Entel*" H. Ebert?* H. Akai,>® D. D. Johnsor;' and J. B. Stauntorl
Theoretical Physics, Gerhard-Mercator University, Lotharstrae 1, 47048 Duisburg, Germany
2Institute for Physical Chemistry, Ludwig-Maximilians University, ButenandtstraRe 5-13, 813@hkty, Germany
3Department of Physics, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan
“Department of Materials Science and Engineering, University of Illinois, Urbana, lllinois 61801
SDepartment of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
(Received 13 June 2001; revised manuscript received 14 January 2002; published 8 July 2002

Zero- and finite-temperaturél) first-principles calculations versus compositiér) show that magne-
tochemical effects lead to Invar anomalies in(R&; Co, Py alloys. Chemical short- or long-range order and
negative interatomic exchange interaction of electrons in antibonding majority-spin states force the face-
centered-cubic lattice to compete simultaneously for a smaller voltnora antiferromagnetic tendencjesnd
a larger volumefrom Stoner ferromagnetic tendengiehe resulting additional negative lattice anharmonic-
ity is very large for FedNi, Co) while absent for Fe-Pt. Our results explain freandc-dependent behavior of
Invar properties, including the lattice softening and thermal expansion of Fe-Ni. In addition, the occurrence of
a noncollinear spin structure =0 K near Invar can be understood on the basis of our results.
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I. INTRODUCTION very sensitive to small changes of the composition, the con-
centration fluctuations, the chemical order, and to the mutual
Alloys of Fe and Ni have fascinated scientists for a cendnterplay of all, various aspects of which were discusged
tury because of their intriguing properties: Chemical ordern@me a few, further references can be _found_2|2n the cited
ing (Ni rich), vanishing thermal expansidinvar), and face- Papers in ,connection with  experimetft and
centered-cubidfcc) to body-centered-cubitbco structural
transformations(Ni poor). Invar alloys are interesting be-
cause of their energetically quasidegenerate small-volum
low-moment (LM) and large-volume/high-momentHM)

In particular the calculations based on the Korringa-
é?ohn-Rostoker method within the coherent-potential-
approximation(KKR-CPA) showed that chemical and mag-

round states, thought to account for the extreme softness netic disorder[sre;) resented by the disordered local-moment
9 : 9 ?IgLM) theory>2"*} leads to multiple competing magnetic

the Fe-Ni lattice! Ab initio calculations confirmed the exis- states(ever? in fcc Fe and allows for additional lattice
tence of several energetically competing statégand refs. softening in the Fe-Ni alloys.KKR-CPA-based thermody-
therein and showed that one can relate the Invar effect to the,amic linear-response calculations showed the importance of
population of antibonding electronic states near the Ferminagnetocompositional interactions for the observed atomic-
level Er causing large internal pressure favoring a large vol-short-range order(ASRO) and L1, of FM permalloy,
ume and nonbonding states with lower internal pressul’geNis_ZS'3 Here we address the pertinent question: Does
tending to a smaller volunte? However, this theoretical pic- chemical order extend to the Invar concentrations, and, if so,
ture is unsatisfactory because it predicts a first-order HM-LMwhat role do the magneto-compositional effects in the Invar
transition of the magnetic moments @én Fe-Ni, in contrast  phenomenon play?
to experiment, and the softness of the fcc Fe-Ni alloys is not
found. IIl. THEORETICAL APPROACH

Recent supercell calculations for gz, at T=0 K
showed that noncollineafNC) magnetism smears out the
HM-LM transition giving rise to further negative lattice an-

In order to answer the question raised above, we have
performed zero-temperature KKR calculations using a mul-

harmonicity and a small bulk modull&a As a consequence (a) A (b)

NC magnetism has been suggested to be the primary origin ; t % }

of the Invar effecf,® even though temperature would destroy | A M ff

such a specific magnetic configuration. Calculations for or- { T """ f;* * +T """"" { A
dered FgPt showed that NC magnetism is also important for _,;’_*__ t* ) ,_’:4 A* _
Fe-Pt/ The origin of antiferromagnetiGAF) and NC order in * "Tan ‘ * ! an *
the predominantly FM fcc Invar alloys can be traced back to '

A A
an oscillatory exchange integral for fcc Eeyhere electrons n ) * u M ¢
in the antibonding majority-spin states beldwy prefer AF
order; which, however, cannot be realized because of natural fig. 1. Qualitative sketch of the magnetic order in Fe-Ni alloys
frustration of the moments on the fcc lattice. Only AF or NC as it results from the KKR-MS-CPA calculations for the two cases,
components are stable for sufficient chemical order whichncreasing the local concentration & Ni and (b) Fe on site I
resembles elemental fcc Fe. compared to site | by an amou Large arrows: Fe moments,

As a consequence the magnetic order in Invar alloys i$mall arrows: Ni moments.
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[-]_3 45 3 5 255 26 265 Theresulting magnetic ordering tendencies for cdaeand
o (b) for the Fe-rich alloys are sketched in Fig. 5. Fg(a)
s (2U.) =1 orS(b)=1, Ni or Fe is completely removed from site |

[if the index (a) or (b) is omitted forS in the following, it
applies to both casgsThus, we represent the increase of
LRO by a continuous progression from a homogeneously

FIG. 2. (Color) Total energy per atom ofa) Fes;Niszg and (b)
FeseNis, (relative to some arbitrary energy zgas a function of the

Wigner-Seitz radius for different values & Apart from the NM . - : = .
S=0 solution the open symbols refer to cdseand the full sym-  disordered stateS=0) to maximal order §=1) (Fig. 1).

bols to case(b), see text for explanation. Stars refer to the bec |t Should be stressed that the partial LRO for the KKR-
phase. For all figures, “AF” refers to any admixture of AF compo- MS-CPA calculations is related to the pair correlations and
atomic short-range order, as detailed recently in the system
NisV.* The total energy data from these calculations Tor
tisublattice extension of the CRKKR-MS-CPA),****while =0 K will be used below to investigate Invar
calculations forT#0 make use of the inhomogeneous ver-anomalies—in particular the thermal expansion—at finite
sion of the single-site CPA and an electronic theory oftemperatures. To allow for a more direct connection of elec-
ASRO™ tronic structure data and finite temperature properties, a
The KKR-MS-CPA allows for inequivalent atoms in the KKR-CPA based linear-response formalism is used that ex-
unit cell with different local site concentrations of the piicitly accounts for ASRO at finite temperature. The key
constituent$>** Two cases are considered over the wholeresults obtained via ASRO calculations are consistent with
concentration range of EeNic : In case(@) [ (b) ] we re-  those obtained via partial chemical LRO B0 K using

duce the local concentration of NiFe ] by an amounS[a  the KKR-MS-CPA.

nents.
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FIG. 4. Difference of density of states of Ni per unit cell be-
tween the fully ordered§=1) and completely disordere&€0)
phases for RgNizs. The corresponding difference for Feot
shown hergis smaller.

The KKR-MS-CPA calculationglocal spin density with
Moruzzi-Janak-Williams parametrizatithh have been car-

ried out for fcc and bcc Fe-Ni alloys with various composi-

tions, Fg, Nisy fC0, 5 (super Invar and Fe,Ptg for 0<S
=<1 using 35k points in the irreducible Brillouin zone, maxi-
mum angular momentuni,,,,=3, and an accuracy of
10~* mRy for the total energy. For comparison of multiple
disordered states, the formation enewyf; vs ¢ was ob-
tained with 120k points andl,,,,=2, using the atomic
sphere approximation.

IIl. RESULTS AND DISCUSSION

We find that maximal order§=1) leads to the lowest
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FIG. 5. E(S=0)—E(S) versus + S for L1,-based ordering in
FesNi,s and FegNiys. The S=0 FM solution for a givercy; was
used as reference state; as before “AF” refers to any admixture of
FM and AF components. Positiyeaxis indicates most stable state.
See text for discussion.

cases that gives rise to the Invar anomaly.

Figure 2 shows the total energies for gfdizg and
FeseNia, as a function of the Wigner-Seitz raditgs, where
(47I3)r3,s is the atomic volume. For the disordered state
=0 of Fe,Nisg, the nonmagneti€NM) and FM states lie
close in energy, with the FM state the lower one. The situa-
tion is similar for Fe,Pt,g (not shown here High-T Fe-Ni
samples have average magnetic moments of uz4&tom;
thus, although close in energy, the NM state is not relevant,
whereas the paramagnetic DLM is, as Fig. 3 shows. DLM
also gives the correct high-moments’ The curves show
that when approaching the paramagnetLM) high-
temperature phase, the two minima of the fcc-FM and the
fcc-DLM curves would have to reverse their order, leading in
between to low thermal expansion. Forgfdiz, being out-
side the Invar concentration range by just 1 at %, the situa-
tion is different since now the NM and AF states are lower in
energy.

energy for all alloys considered here, see, e.g., Fig. 2. But However, forS#0 the situation changes completely and
there is a marked difference between Ni- and Fe-rich alloysillustrates the different behavior of Fe-Ni and Fe-Pt alloys.

For Ni-rich alloys it is more favorable to move Ni from site

First, the total energy decreases with increasthépr all

I to I, case(a), whereas the energy is lower when moving Felnvar alloys(see discussions for Figs. 2)-&econd, the cur-

from | to Il, case(b), for Fe-rich alloys(curves with full
symbols in Fig. 2 The equilibrium phase diagram of Fe-Ni

vature of the total energy, which is proportional to the bulk
modulus, becomes much smaller in case of Fe-Ni, whereas

shows that ordering in the fcc structure occurs on the Ni-ricithe lattice of Fe-Pt alloys hardens upon orderisee discus-

side and that otherwise the alloys decompose into fahi
bce Fet” Our AE; vs ¢ results for NM, FM, DLM chemi-

sion for Fig. 6. Furthermore, the partial order in the Fe-Ni
alloys causes the energy barrier, which existsSer0 be-

cally disordered fcc and bcc alloys, and chemically orderedween the LM(i.e., the DLM) and HM states, to vanish for

FM fcc alloys(Fig. 3) clearly indicate the lowF equilibrium
should be phase segregated into FM bcc Fe lahdFeNis.
NM means that there are no moments on the site, i.e.,

finite S. Softening of similar extent was also observed in Ref.

6 in calculations for NC moments.
a But there are important differences with respect to the

nonmagnetic state in the parlance of Stoner theory; the othavork in Ref. 6, for we find in case of Fe-Ni Invar alloys,
nonmagnetic state is the DLM with random orientations ofregardless of the value & two sets of competing FM HM

the moments so that the thermal average aliQvgives zero

high-volume and LM low-volume solutions, where the LM

magnetization. However, one must note that the experimerew-volume solutions exhibit large AF components in the

tally as-prepared Fe-Ni samples are not in equilibrium

predominantly FM alloys which are induced by the partial

Therefore, the nonequilibrium fcc-based results are directlhemical order in the alloy6AF in Fig. 2 indicates parallel
relevant to the measured ones. The important consequenceanad antiparallel moments on sites Il and |, respectively, see

that it is the nonequilibriunglocal) chemical order in the fcc

Fig. 1). For FeuNisg the FM HM solutions are lower in
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TABLE I. Chemical and magnetic trends in fcc,FeNi. . Herea is the equilibrium lattice constant, FM
and DLM refer to ferromagnetic and paramagnetic statgs,the wave vectotin units of 27/a) for which
S®)(q) has a maximum, and the atom pair-correlation function diverges at the spifsegatext T,. The
total energy is in Ry/atom and shows the relative stability of the FM and DLM phaseS#& for c
=0.25,L1, with AF components is lowefsee text than both FM and DLM below the magnetic transition.

c a(a.u) State q T, (K) Energy(Ry) Tendency
0.25 6.716 FM (0,0, 450 -2645.0283 L1,/FM
0.25 6.600 DLM (0,0,0 665 -2645.0287 Clustering/AF
0.35 6.700 FM (0,0,2 590 -2693.9123 L1,/FM
0.35 6.600 DLM (0,0,0 700 -2693.9106 Clustering/AF
0.50 6.650 FM (0,0, 670 -2767.2378 L1,/FM
0.50 6.650 DLM (0,%,1) <100 -2767.2344 DO0,,/AF
0.75 6.650 FM (0,0,2 240 -2889.4487 L1,/FM
0.75 6.650 DLM (0,%11) <200 -2889.4419 DO0,,/AF

energy confirming the experimental observation that Invaexpansion ofE(S). Following Ref. 44, ifE(S=0)—E(S)
alloys are predominantly magnets with large ferromagneticcales linearly ir§?, then the ordering energetics, as well as
moment<>#® although the energetic difference to the AF the electronic structure and magnetic states, are dominated
solutions is small. With increasing iron content the AF solu-by pairwise correlationéwhich, for smallS, are directly re-
tions become lower in energy, see Figb2 showing that lated to the ASRJ? whereas deviations fror? indicate
there is a smooth crossover from FM HM to LOAF) states  important correlations beyond pairwjse
in the Fe-Ni Invar alloys. In addition, we have the DLM  In Fig. 5, we have plotte(S=0)—E(S) versus + S?
states(which are hight NC state which compete in en- for L1,-type ordering in FgNi,s and FesNi,s for FM and
ergy. The change of the total-energy curves iiih the case  AF states. In agreement with finiBASRO calculations dis-
of super-Invar Fg, Ni3; fCosg is similar to the case cussed below, a tendency fbi, ordering in the Fe-Ni al-
FesNisg. There is no breakdown of the magnetic moment inloys is found for the low-energy structures with FOAF)
fcc Fe-Ni for x=35. But the calculations show a crossover solution in the Ni-rich(Ni-poor) regions. The ordering en-
from fcc to bece right ax=35 at% Ni in perfect agreement ergy of FM FesNi;s exhibits linear behavior for allS
with experiment, see Figs. 2 and 3. whereas AF FgNios is linear fromS=0.3—0.8.(The linear
The origin of the decrease in ground-state energy withregime for S~0 is appropriate to high- equilibrium state
increasing chemical order can be ascribed to an increase ahd indicates an initial stronger local tendency.iig ordes).
the Madelung energy contribution to the total energy. On thédence, we expect the experimental results from nonequilib-
other hand an important change is seen in the partial densityjum samples neaty;~0.25 should be compared to calcu-
of states of Fe and Ni upon chemical ordering. The corretated results fron8=0.3—0.8.
sponding result for NiAny;=ny;(S=1)—ny;(S=0) (where We will use theS=0.3—0.8 states of AF RgNis and
nis the density of states in Fig)4shows that partial order Fe,Nis, for direct calculation of the lattice softenin@ (@nd
leads for both spin channels to a downward shift of the deng’) and linear thermal expansion(T). First, however, we
sity of states, thus lowering the energy. With increassig)  explicitly study the highF ASRO, and verify our results for
(when moving Fe by an amour8@ from site | to Il) the  weak partially LRO states, by direct calculation of the
maximum of the probability distribution functioimot shown  \Warren-Cowley pair correlations in a binary solid solution,
herg of finding a certain number of Fe nearest-neighboras defined by
(NN) atoms around site | is increasing from its average value
of 7.8 NN (0.65<12) for S=0 to ~11 NN for S values (&&)—(&§)
close to 1(with a single Ni atom on site) which favors the T TkgTe(1—-c) @
corresponding tiny Ni charge transf@n the inhomogeneous
CPA) as well as the AF ordering tendency due to the simi- ith lattice Fourier transform
larity of the alloy forS=1 to elemental fcc Fe.
The importance of the local chemical environment for or- a(q;T)=[kgT—c(1—¢)S?(q;T)] 3
dering in alloys and its influence on the electronic structure
and charge densities, which is the basis of the theory of Here¢; is the occupation variable of sif with concen-
ordering using the inhomogeneous CPA, is discussed in Refration c=(¢;), andS? is related to the second derivative
49. The connection of ASRO measuremefatscalculations ~ with respect to the concentration of the electronic grand
to LRO calculationgi.e., $>0), including the important ef- potential?® evaluated here within the KKR-CPA. The wave-
fects due to LRO configurational excitations, was discussestector g, where S?)(q) and thereforen(q) are maximal
in Ref. 44, where, in addition, the applicability of LRO cal- indicates the ordering periodicity the ASRO would tend be-
culations to states with ASRO was made via a second-orddow a phase boundary, and appropriate for kinetically limited
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FIG. 7. Thermal-expansion coefficient of i, as a function
S of temperature(a) the lattice contribution with the magnetic part

subtracted, anc¢b) the total contribution.
FIG. 6. Calculated bulk modulu®) and its pressure derivative ®)

(b) of FeseNis, (open circleg and Fe Pty (filled circles compared ) ) )
to experimental and other theoretical da®, (S=0): Open dia- Centration wave, i.el,1, or L1, ordering. In the DLM states
mond and plus sign for EgNiss (Ref. 52 and Fe, Niss s; filled of the Fe-rich alloys, chemical clustering is encouraged
(Ref. 53 triangle down, up and leftRef. 54 for Fe.Pty, alongside the growth of weak incommensurate AF magnetic
Fe,Plo, and Fe,Phg (Refs. 34 and 57 respectivelyS=1: Filled-  correlations. However, as the Ni content is increased these
triangle right and diamond for EBt (Ref. 55 at constant magnetic ~ correlations become FM and the chemical clustering tenden-
field and constant magnetization, respectively. Experim&it &  cies disappear in favor of weak ordering, e.g.psNé5 in
=0): Open triangle down and star for &gi,, and Fg,Niss (Ref.  Table I.
52); open triangles left and ugRef. 56 for Fes, Nisss and For FM FeNis, S?)(q) has a maximum at (0,0,1) and a
FessNiss, respectively(Ref. 58. transition temperatur&, of 670 K into anlL 1, state but the
total-energy calculations reveal that this is a local minimum
or quenched samples. The maximal instability to ordering isand the observed phase segregated bcc Fa andreNk is
given whena(q;T) diverges which defines the spinodal tem- the most stable, see Fig. 3.
perature, Tg=c(1—¢)S®(qmay/kg . Similar to the chemi- In FessNiys the DLM state is slightly lower in energy than
cal susceptibilitya(q) based on the inhomogeneous CPA,the FM state and, frony(q), we find weak incommensurate
we also calculate the paramagnetic susceptibility;; T) via  AF correlations between the local moments on the iron at-
the formalism of Ref. 30 that uses the DLM paramagneticoms. For FgNiss the DLM state is just above the FM state
state as artapproximate reference state. in energy and there remain weak AF correlations between the
Finite-T ordering tendency and estimateg for Fe-Ni in ~ Fe local moments. The magnetic correlations peakg at
FM and DLM states are listed in Table I. The results essen=(0,0,0.6) with significant weight also aroundy
tially confirm the zero-temperature findings of chemical and=(0,0.6,0.6). Indeed neutron data show peaks ngar
AF ordering tendencies in Fe-rich alloys. Throughout the~(0,0.5,0.5). The Fermi surface of DLM [li3, estimated
whole concentration range FM order 8+ 0 state is shown from the spectral functiors(q,er) shows nesting for this
to promote chemical order characterized by a (0,0,1) conparticularqg vector in the absence of chemical ord&=0)
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FIG. 8. (Color) (a) Density of states of ferromagnetic §gii;5 with no local chemical order§=0) and(b) of ferromagnetic FgNiss
with antiferromagnetic components induced by chemical or8er(.3).

as well as nesting for smalley vectors. The nesting consid- magnitude on site Il so that the average magnetic moment
erably increases when allowing for chemical ordeg ( per cell is zero(corresponding essentially to a DLM state
=0.3) and AF components. For both of these alloys in theiwith energyEE_é’V'). The calculated total-energy curve that
paramagnetic states there are chemical clustering correl@asses througg, 3 andEg_Lg'V' is then used for the evaluation
tions, in sharp distinction to those prevalent in the FM coun-of the magnetic contribution to the thermal-expansion coef-
terparts. Hence chemical ordering and clustering directlyicient. This is essential since the decrease in volume when
compete, but, as show Figs. 2, 3, and.3, is favored but  passing from theE, 5 to EDYM states is much smaller com-
W'th.a crossover from FM to AF near Invqr. pared to the case when choosing the NM state as high-
Figure 6 shows the bulk modulsand its pressure de- temperature reference state. The thermal-expansion coeffi-

rivative B' for FesgNia, and FePbg. With increasingS B cient was then evaluated in two steps. First, we evaluated the
decreases for Fe-Ni, thereby approaching the experimenta

values, while there is a systematic increaseBdbr Fe-Pt. nonmagn"etic. lattice contribution by making use Of. the
The lowest value oB for Fe-Ni being closest to the experi- Debye-Gruneisen moqle(see REfS.' 36 and 50 for details
mental value corresponds 8- 0.3, which is weak LRO and whereby the magnetic contribution~6) had to be sub-

. 1 N vieldi .
reflects also ASRQas discussed aboneExperimental val-  tracted from the Gmeiseny, y~3(1+B’), yielding @ arice
ues forB’ are around zero in the case of Fe-Ni; calculategSNOWn in Fig. &) which agrees with the experimental result

values are found to be small for 6s3<0.8. Thus, the apart from a small deviation at high temperatuites experi-
agreement between our first-principles results and experiental procedure of decomposings discussed in Ref. 19
ment forB andB’ is satisfying and the first agreement of this N order to obtain ayagneic We use the experimental
kind. M(T)/M(O) as? input. For a given temperatufiewe com-

In order to get further feeling for the additional softness ofpare this magnetization with the corresponding value of the
the lattice for finiteS in case(b), we have calculated the Eqs—Eg3" curve. This leads to a hypothetical temperature
thermal-expansion coefficient for gBliss with S=0.3, see  dependent/(T) curve yielding the correspondin@agnetic
Fig. 6. We chosé&=0.3 because it is in the intial range 8f  contribution. The sum of both contributions to the thermal-
values for which the bulk modulus is small. F8=0.3 the  expansion coefficient is shown in Fig(bj being in rather
energetically most favorable state consists of FM alignedatisfying agreement with the experimental data. However
spins on sites Il and an AF component on site |. We denotsve note that this procedure will lead to similar results for
its corresponding energy bk,s;. The final paramagnetic «(T) for other S values, provided that the tendency for an
state(for S=0.3) was chosen to have zero magnetic momen@dmixture of AF components to the FM alloy is taken into
on site | and spin-up and spin-down components of equahccount and the correct DLM state is chosen.
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IV. SUMMARY AND CONCLUSIONS Ref. 48 to consider thelynamig implications of instabilities
in the band structure has been accounted for in this paper by

and maanetochemical counling are of central imoortance fc)calculating over the whole concentration range the diver-
9 ping P ence of the atomic pair-correlation function and magnetic

?nedIz\éagﬂlgrysér:;IZZ%?ﬂ?ngﬁztsiiaebe;t:;?ns’ ?gﬂﬁzt'gg_ﬁisusceptibilities, as well as formation energetics, which repro-
' 9 duce general trends from spinodal ordering in the Ni-rich

alloys at low temperatures in agreement with eXloe“m(:“m'region to segregation or clustering in the Fe-rich part of the

The results highlight that temperature- and COmpos"tlon'phase diagram. The development of AF tendencies around
dependent Invar effects require more than solely noncol:

. : : : . the critical Invar concentration of 65 at% Fe might have
linear spin arrangements to explain lattice softening. Th

zero-temperature FM solutions are lower in energy in thgbeen suppressed by the large external magnetic field in the

Invar reaion showing the Invar state is predominantiy a HMrecent neutron scattering experiment. As discussed above,
. 9 9 P . Y a Wi ere are other experimental hints coming, for example, from
high-volume state. However, when approaching the critica

. ; . . yperfine-field measurements which point towards (8fin
'::ignmspevsi:mOEFFgf)'\rlr;?bs()trTgn(;gsTjng?tge c?';;?(!lég?r;?w:e“:lnﬁzﬂlul)r- canting contributions:® The amount of change in the occu-
der, gradually become lower in energy than the FM HMpati_on 0ft2g. states(prz_actically no change_: of occupation @f
high-volume solutions. Finitd@- calculations of the atomic orbitaly going hand in hand with admixture of AF compo-

pair correlations underline the observed chemical trends forr1ents forS=0.3 in the predominantly FM fseNizs can be

: : . estimated from Fig. 8.
ordermg and AF correlations for Fe-rich alloys that we found Other intriguing Invar properties such as the anomalous
for partially LRO states.

Further intriguing characteristics related to Invar and mar—th‘fjWIOr of the hyperfine field under presstirer the for-

tensitic behavior of the Fe-Ni alloys such as the dif‘ferentbIdden (spin phononp excitations observed in neutron-

populations ofey andt,, orbitals proposed earliéhave re- scattering experimerfiSrequire further exploration.

cently been discussed and questioned on the basis of polar-
ized neutron scattering on E8liss.*® But these experiments
show changes of the population when the external magnetic P.E. would like to thank Eberhard Wassermann for con-
field is changed from 4.6 T to 9.0 T, where the higher fieldtinued interest and helpful discussions and Mehmet Acet for
forces the magnetic moments of Fe to reach their saturatioproviding us with the lattice thermal-expansion data of Fe-Ni
value of ~2.86 wug on the fcc lattice. Smaller changes can alloys extracted from the experiment. D.D.J. is funded by the
probably not be resolved by experiment, which should beDepartment of Energy at the Frederick Seitz Materials Re-
extended to other compositions as well. The suggestion isearch LaboratoryContract No. DEFG02-ER964539

To summarize we have shown tHéical) chemical order
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