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A Green'’s function technique for localized magnetic moments coupled to lattice degrees of freedom is used
to study the moment-volume instability in Invar alloys. We present calculations of the total energy as function
of volume, magnetic moment, and alloy concentration incorporating both longitudinal and transverse spin
fluctuations. For ordered RNi, the total energy as function of volume consists of two separate but crossing
branches corresponding to the low-sfiis) and high-spinHS) states, with a discontinuous magnetic moment
at the crossing. With increasing temperature we find that the LS and HS states come closer and finally merge
at a critical temperature. In addition, the temperature dependence of the magnetic contribution to the relative
volume changev,, has been calculated in the presence of an external magnetic field. We have extended the
calculations to off-stoichiometric concentrations of the alloy systegNke, and present results for the
temperature and concentration variation of the thermal expansion coefligjeand of the energy difference
between the LS and the HS state. Theoretical results compare fairly well with experimental data in spite of
using a nonitinerant electron modg$0163-18207)02914-1

[. INTRODUCTION phonon calculations have shown that very small thermal ex-
pansion is very likely due to many-body scattering effects
During the past years there has been considerableith phonon-assisted resonant electronic transitions from
progress in the understanding of moment-volume instabilistrongly antibonding majority-spin,, states(keeping the
ties in a certain group of fccdtransition-metal alloys show- atomic volume large due to enhanced partial pregsiate
ing a broad spectrum of anomalies often being referred to asonbonding minority-spirt,, ande, states(thereby lower-
Invar anomaliegfor recent review articles see Refs. 1 and 2 ing the atomic volume due to decreasideelectron partial
Most investigated alloys are probably [R& _, and pressurg®’1%MThis opens a pseudogap in the minority spin
FePt, _, which for certain concentrations have approxi- density of states hindering further substantial thermal expan-
mately invariant thermal expansion coefficients over a consion since electrons have to overcome this energy barrier.
siderable range of temperatures. Another interesting aspectiote that a similar pseudogap exists in thep(-bonded
that for the Fe-rich alloys, EBli;_, and other Invar alloys nonmagnetic Hume-Rothery alloys due to many-electron
change their crystal structure from fcc to bcc with decreasingcattering on the Bragg planes of the new crystal structure
temperaturgfor a detailed discussion of the close relation- close to the bcc-fcc phase transition.
ship of Invar properties and martensitic phase transforma- This brief discussion shows that finite-temperature first-
tions we refer to Ref. B principles calculations of Invar and Hume-Rothery alloys
A number of theoretical models have been proposed fowill be needed to further pursue in detail the physics of Invar
describing the Invar effeét.” Moruzzi has given a qualita- and structural transformations in magnetic and nonmagnetic
tive explanation of the Invar effect and of a number of otheralloys. In addition, finite temperatures will involve the big
properties of Invar alloys which is based on first-principlesimpact of multiphonon processes and of the electron-phonon
calculations of model Invar systems like ’& Fe;Pt, etc., interaction on itinerant magnetism in genéfaind on the
in the fcc structur@®® According to this picture, in pure fcc thermal expansion in particuldrBesides from tentative not
Fe a low-spin(or paramagnetic-antiferromagnétitate with  parameter-free  molecular-dynamics calculatibhsthese
a relatively low equilibrium volume is the locally stable kinds of calculations would require enormous computational
state, while at expanded volumes the high-spin state is stablefforts. Therefore, the extension ab initio results to finite
The resulting binding energy curve as a function of volumetemperatures has been achieved by less tedious calculations
consists of two crossing branches corresponding to the lowdsing a Gaussian theory of spin and volume fluctuations at
spin (LS) and the high-spifHS) state, respectively. As the finite temperature¢as an extension of the mode-mode cou-
Ni concentration increases, the difference in energy betweepling theory of Murata and Doniaéf) based on a Ginzburg-
LS and HS states decreases, and at a certain concentratibandau theory with zero-temperatura initio data as
the HS state becomes more stable. While this théohjich,  input®”1-1® This phenomenological theory allows one to
in fact, closely resembles the older two-statemodel of extend the zero-temperature binding surfaces to finite tem-
Weis$) certainly reproduces basic experimental findings, itsperatures and to explore the mutual influence of longitudinal
treatment of magnetic and lattice degrees of freedom remairend transverse spin fluctuations and of chakggume fluc-
on a too qualitative level at finite temperatures. Frozen+tuations. It is found that transverse spin fluctuations contrib-
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ute in an essential way to the Invar anomaly in Fe-Ni andHere we take for brevity only the quadratic terms in the spin
Fe-Pt in accordance with earlier work by Moriya and Usamidensity. Although this is reasonable for weak magnets, we
who used a more simplified scheme to discuss the expansiaran easily take account of higher-order terms if necessary.
anomaly?® In this context it should be mentioned that also  Finally, Hy, is the harmonic lattice term
results of first-principles coherent-potential approximation

(CPA) calculations for the case of off-stoichiometric B ,
alloys*?1?2can be extended to finite temperatures allowing Hy=75 .

for a rough evaluation of temperature- and concentration-

dependent phase diagrams. In addition, the CPA calculations The magnetic contribution to the thermal expansion is
allow for a detailed investigation of the competition betweengiven by

the LS and the HS state as function of alloy concentration.

4

The theoretical results nearly agree quantitatively with Dg )

experiment Also, this kind of continuingab initio zero- wm:% B ((Sg) = (Sg)o) (5
temperature results to finite temperatures allows one to treat

Invar and anti-Invar behavior on equal footing. whereB is the bulk modulus an¢--); means the statistical

In this paper we extend the forgoing finite-temperatureaverage at temperatuie In weakly ferromagnetic metals,
calculations by making use of a localized magnetic momenwhere smallg components of spin fluctuations are predomi-
model in which the magnetic moments are coupled in thenant, we may approximate,~D, and get’
same phenomenological way as previously to the lattice. We
compensate for the neglect of the picture of itinerant magne-
tism by a rather subtle decoupling of the spin Green'’s func-
tion by using the technique of Tserkovnik6¥This proce-
dure allows one in a nice way to deal with alloys yielding Where Ny is the number of atoms in the crysts{ is the
concentration dependent nonintegral values for the magnetinean-square local amplitude of spin fluctuations. A fair in-
zation. For Fe_,Ni, we present calculations of the total en- terpolation betweem=0 andT. may be
ergy as function of the volume, the magnetic moment, and ’D
the Ni concentration by incorporating both longitudinal and _c Y0 a2y a2
transverse spin fluctuations. The final aim of using a local- om(T)= 5B [MA(T)=M(0)], ™
ized magnetic moment model is to incorporate phonons in a . L )
phenomenological way by allowing for Lennard-Jones typefor T<T., M is the spontaneous magnetlzatlo_n. '!'he r_elatlve
of interactions between the Fe and Ni atoms. The model cafolume change due to an external magnetic field is then
then be solved exactly by a Monte Carlo step simulatiordiVen by
technique for spin and phonofs.2°In particular, this model
a_lllows for an ipvgstigation of the critica}l behavi@ralcula- w(H,T)= E % [M2(H,T)—M2%(0,T)]. ®)
tion of critical indices and scaling relations for the coupled 5B
spin-phonon systemThis is beyond the scope of this paper

and will be published elsewhef?. ll. CALCULATION OF THE TOTAL ENERGY

D
on(T)=N; 5 [T~ SX(0)], (®)

!l. THE MODEL In the following we will calculate the total energy with
The Hamiltonian of the system i can be written aga the help of the retarded Green'’s function defined in matrix
similar model was used by Dulet al2®) form as

H=Hy+Hyy+Hy. (1) G =10 (1)([By(1),B{ ). 9)
Hu is. the Hejsenberg Hamiltonian for Eé and Ni=n The operatorB, stands symbolically for the sed! ™,
and the interaction between them; S'*, Si2. For the approximate calculation of the Green’s
function (9) we use a method proposed by Tserkovnikdv.
Hy = —QMBH\/N(SBZ+ ) — l E Jifs o T_he energy in the generalized Hartree-Fock approximation is
249 a given by
_EE Jnngn 31_32 Jingf .qn, 2 E(k):<[[BkaH]:B;]>/<[BkyBk+]> (10
24 TaYma e g &gy

Using Eq.(10) we obtain for the transverse and longitudinal

The magnetovolume coupling is given by the second tern$Pin-wave energy of RBali, respectively(taking into account

Huy both longitudinal and transverse spin fluctuations

-1 + — 2
Hypy = — % % [Do(q)w-i—Dl(q)wz]Sf_ng, 3) E(K)= 3 [ent ex* V(en— €20+ depper],  (11)

. . . Ei(k) = €33, (12
wherew is the relative volumeV(T) —V,]/V, with V, be-

ing the volume of the hypothetical nonmagnetic ground statewith the matrix elements
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= E ISy s“+>+2<szs“q>)+ Z (Dgw+Dgw?) ((Si™S§") +2(S{'S"))

1
€11(K)=gugH+ m

1
+N§q‘, (I = I D (2(STSZ)H(SZ SN | (13
1
ek = 2<Snz>( 2 PSS ) 2ASEST DT E (Dgo+Dgo) (S-Sl a) +2ASE Sy k>>) (14
1
€2:(K)=~ gy ( 2 IS S +2(SE¢SEE k>>+—2 (Dqo+Dgo?) (S-Sl g +2(SE ¢ Sh2 k>>) (15)

1 (1
ezz(k)zg,u,BHer (NEq ISy sy +2(sls™ q>)+— 2 (DJw+Diw?)((S]Sh)+2(S[PS"%))

1 _
TR 2 O RS S S ) | (16
1
_ ff_ qff f—of+ f 0 1 2y /af-an+
eggk)—mg [ =3 (S SiH )+ (3" +DJw+Diw?)(S, S ). (17)
|
The correlation functions are calculated to e1k)= _<Sf2>(JLn+ Dow+Dyw?), (24)
(s
Ng=(Sy Sy )= 57 [(wG—€g’ed)(P1+Py) - ,
“q e21(k)=—(S")(J"+ Dgw+D;w?), (29
+oge(P—Dy)], (18)
f 1+2nf+2nf2 e24k) = gugH+(S")(Jg'+Dow+D;0?)
SySC) = e (19
(SS9 = T gnT v ant (S 20, (26)
Further we have used the abbreviations
\/E2+2.513.53"L b= exp(w%/T) Dyr=[exp(—wy/T) (k) =0 27)
1] ! We obtain forei® ande;! the foIIowmg expressmns 33 '
respectively:

There is a solution withe;3=0. It corresponds to the longi-
2 [(Jff Jff k)(Sf’ sz ) tudinal mode, i.e.,_a relaxation of the spin components par-
< allel tfo the mean field.
. ~0 1 20 ent ofz (S'%) and(S"™) are the relative magnetization of Fe and
~(Jg'+ Do+ Dqe)(Sg S5, (20) Ni, respectively:

31

1
= 2(S7S 7N 4 2 LY = (S S W

— (I +Djw+Diw?)(S, " S"%)] (21)
with the correlation function %
< fz>2 31 13 a\
(Shrsy=(s{’s” >——[wq(q>l—c1>2) B ]
q
+ (€5 € (D1 + D). (22)
In the RPA we obtain for the matrix elemergs 00 02 04 06 08 10

T/ T
€11(K)=gugH +(S") (35" + Dow+D;0?)
f2 s Aff ff FIG. 1. Temperature dependence of the relative magnetization
(S 3o =), (23)  of Ni (solid line) and Fe(dashed lingin Fe;Ni.
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FIG. 2. Temperature dependence of the magnetization/atom of
FesNi. FIG. 4. Zero-magnetic field total energy vs Wigner-Seitz radius
Rys for bece and fcc F€T =0) in different magnetic structures: NM,

¢ ‘ 1 ; 1 " 1 nonmagnetic; FM, ferromagnetic. In the fcc form, the NM phase is
m""=(S""%) = N Ek S >|coth | S M+ 5| BE« stable forRys=<2.65 a.u. and the HS phase is stableRgjs=2.67
a.u.
1
— 5 coth 5 BE«| [, (28 obtain curve 2, which decreases much more slowly than ex-

perimentally obtained®?° The spin waves are therefore not
where S'=2 and S"=0.5. For the magnetization/atom we enough to account for the anomalous temperature variation
obtain of the magnetization. The conventional explanation for the
observed behavior is that there are additional “hidden” ex-
M(T)=3% (Bm'+m"). (29 citations which participate in reducing the magnetization.
One possibility is that thétransversgspin-wave excitations
couple to the longitudinal spin-wave energids(T)/M(0)
IV. NUMERICAL RESULTS AND DISCUSSION increases againdt/T, with increasing Ni concentration for
&e-Ni alloys, in agreement with the experimental At
the relative magnetization of Fe and Ni ing% and of the  &oNiso, Which has no Invar effect, we obtain good agree-
magnetization/atom of BNi with following parameters: ment with the expe_nmental data takmg_ into account only _the
J"=0.0316 eV, J''=—0.00995 eV, J""=0.0158 eV, mfluence. of _the spin waves. The cqntrlbutlon o_f these “hid-
D,=0.017 eV,D,=0.3 eV which were obtained by fitting den” excitations on the spin dynamics of Fe-Ni Invar alloys

the curves of MoruzZ.The results are shown in Figs. 1 and Which may help to explain the Invar anomaly will be dis-
2, respectively. cussed elsewherg.

We will compare the longitudinal spin fluctuations A Way of displaying pertinent phase information is to

(LSF's) and the spin-wave contribution to the magnetizationS1OW total energies versus volurf@ Ryg), or lines corre-
M(T). M(T) is plotted in Fig. 3, where curve 1 is calculated sponding to minimum energies for fixed _volumes. _Although
taking into account spin waves and LSF, whereas curve 2 ithe case of fcc Fe has received theoretical attention before,
calculated with spin waves only. One can see that LSF an¥® Want to begin with this case. This will set the stage for
spin waves equally influence the temperature dependence of
the magnetizatiorM (T). If we neglect the LSF, then we

First we have calculated the temperature dependence

38+ e
— /4
S 36 -
[
1,0 4 E sl 4
el
2 5 32 B
1 0
S B b )
g z
S 0451 =
& 28 |- .
=
96 L . . . : .
2.45 2.50 2.55 2.60 2.65 2.0
. . Ryg (au)
0 0.5 1.0
/T, FIG. 5. Zero-magnetic field total-energy fixed-spin-moment re-

sults for FgNi vs Ryg(T=0). The instability is induced by the
FIG. 3. Temperature dependence of the magnetizatdit)/ crossing of the LS and HS total-energy branches. The dashed curve
M (0) taking into accountl) LSF and transverse spin wavé® is an assumed antiferromagnetic branch, which is required to ex-
only spin waves. plain the initial negative low-temperature expansion in Invar.
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FIG. 6. Thermal evolution of the two branches of the LS and HS ~ FIG. 8. Dependence of the magnetization/atom on the Ni con-
states for Invar: solid linéf =100 K points, 177 K dashed line, 200 centration for different temperature valugs) T=300 K, (2) 350
K. The LS and HS states merge Bt177 K. K, (3) 400 K, (4) 450 K.

our results concerning Edi which we will contrast with  energy. The dashed curve is an assumed antiferromagnetic
those of fcc Fe. Figure 4 shows the zero-field total energyranch, as reported in the works of Moru2aivhich is re-
E} with Jf” Jq"=0 of bce and fcc Fe in different magnetic quired to explain the initial negative low-temperature ther-
Structures(NM represents nonmagnetic and FM representgnal expansion in Invar. The existence of such a spin state is
ferromagnetit as a function of the Wigner-Seitz radi experimentally still not established. Therefore, it would be
which is used as a measure of the vo|ume(47-r/3)RWS_ not considered by the investigation of the state behavior of
The results are in agreement with those of Mor{z#ilt different temperatures. The two branches are physically simi-
should be noted that Urdt al® obtain for fcc Fe a lower lar to the Weiss 2-state Invar model. The resulting insta-
value of E as compared to bcc Fe. This is known to be ability occurs at a volume below the absolute energy mini-
LDA defect that disappears in MoruZZiand in our work. It~ mum which corresponds to the HS state. Because this is a
can be seen from Fig. 4 that the magnetic structure depend#o-component system, the situation is more complicated
sensitively on the volume. Our calculations give locallythan in elemental fcc FéFig. 4). For small volumes the
stable configurations at 2.6Rys<2.65 a.u. and at Systemisinanonmagnetic state. At a Wigner-Seitz radius of
2.67<Rys<2.72 a.u., which are in agreement with neutron-Rws=2.46 a.u., the LS state starts and is found as a single
diffraction experiments on-Fe precipitates in coppéf:3*In  minimum in the total energy versi®,s. The HS state ap-
the fcc structure, the NM phase is stable Ryg<2.65 a.u. pears aRys=2.52 a.u. In the volume rang&,s=2.52-2.58
and the HS phase is stable fa{,s=2.67 a.u. a.u., we found coexistence of both the LS and HS states. The
We will now consider stoichiometrically orderedfRéas  E(V) curve describing this two-phase region has two minima
a “model” Invar system even though we know that true at the respectiv®ys. For Rys>2.58 a.u., the LS state dis-
Invar is chemically disordered and has a slightly differentappears and only the HS solution remains. The equilibrium
stoichiometry. The calculation yields the zero-field results ofvolume is found at abou®,ys=2.6 a.u., where only the HS
E, shown in Fig. 5 with increasing volum@r R,s). We  state exists. Note that the difference in energy between the
find that the total energy must be represented as two separdtts and the LS state is about 1.1 mRy, implying a character-
but crossing branches with a discontinous magnetic momerstic Invar temperature of about 170 K. Thus, with increasing
at the crossing. The magnetic instability is indicated by thelemperature a plausible explanation for the Invar behavior
crossing of the LS and HS total-energy branches because ttiesults. Figure 5 shows zero-magnetic-field results for the
system can be in either magnetic state with no change in

000
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44 1
-008 | . .

L 1

. . L ; .
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FIG. 7. The temperature dependence of the relative volume FIG. 9. The thermal expression coefficiegt, as a function of
change due to different magnetic field values dashed Rre)).945  the temperature for different Ni concentration valued;1) x=0.35
mT; points, 0.63 mT; solid line, 1.26 mT. at. %, (2) x=0.40 at. %,(3) x=0.45 at. %.
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FIG. 10. The energy for the LS state, with prime, and forthe HS 1 11 Energy difference between the LS and the HS states,
state, without prime, as a function of the Ni concentration for dif- Es—Ens, of the Fe-Ni alloy as a function of the Ni concentration

ferentT values:(1) T=100 K, (2) 177 K, (3) 200 K, (4) 230 K. for different temperatureg1) T=0 K, (2) 130 K, (3) 170 K.

total energy being in good agreement with other wérk®®  above, that the magnetic volume effects of the considered
The FM ground state of BNi has a larger volume than the |nvar alloy are important al~0.7T, (see Fig. 6 Obvi-
NM state which lies slightly higher in energy. ously, the influence ofy,, at temperatures near and specially

With increasing temperature we find that the LS and theabove T, is small. Therefore the Invar alloys show this
HS states come closer and finally mergeTat(Fig. 6). At anomaly only forT<T,. At higher Ni concentration, the
low temperatures the HS high-volume branch determines theagnetic contribution to the thermal expansion decreases.
ground state. At higher temperatures the LS low-volumeThe concentration dependence of the energy of the two spin
branch determines the ground state. A similar behavior fostates LS and HS is plotted in Fig. 10. The curves show a
the free energy was found by MoruZzrhe minimum of the  maximum, whereas the LS states have, besides this, a mini-
HS state remains nearly at the saR\gs, whereas the mini-  mum in a small Ni concentration interval from0.35 to 0.4
mum of the LS state shifts to high&s values. It is clear at. % Ni for temperatures abovB,s 5. This peculiarity
that the LS state is attended not only with variation of thedetermines the magnetic ordered state of the system. In Fig.
energy minimum, but with change of the equilibrium primi- 11 is plotted the energy difference between LS and HS state
tive cell volume, too, where the energy as a function of theas a function of the alloy concentration for different tempera-
relative volume all =const has a minimum. At temperatures ture values. At temperatures abdut0 K for all concentra-
about 0.7, this volume occurs commensurable with thetion values, HS is the only stable state. For higher tempera-
equilibrium value of the HS state &t=0. On the other hand, tures a competition appears between LS and HS, and the
at this temperatur@ there exists a maximum in the magnetic temperature of the transition HSLS is different for differ-
contribution to the thermal expansion coefficienf(see Fig. ent concentration values. For Ni concentration~0.35
9). That is why we make a guess that the variation of theat. % of the alloy the temperature at whih is equal to
equilibrium parameter of the crystal lattice for LS in relation E, ¢ is aboutT~170 K.
to this for HS is the reason for presence of peculiarity in the
thermal behavior of the Invar alloy.

In Fig. 7 is shown the temperature dependence of the
relative volume change due to different magnetic field val- Using a Green’s function technique for localized mag-
ues. With increasin the minimum shifts to higheF values  netic moments coupled to the lattice degrees of freedom, we
and smallerw,, values. The reason of such behavior is thehave studied the moment-volume instability in Invar alloys.
influence of the field oril;, on the one hand, and on the The total energy is calculated as a function of volume, mag-
magnetic moment value, on the other hand. netic moment, and alloy concentration incorporating both

Finally we have made some calculations for the alloylongitudinal and transverse spin fluctuations. For ordered
FeNi,_,, too. Evidence for the magnetic origin of Invar FeNi the total energy as a function of volume consists of
behavior is provided by Fig. 8 which shows the concentratwo separate but crossing branches corresponding to the LS
tion dependence of the magnetization/atbin Fe-Ni al- and HS states, with a discontinuous magnetic moment at the
loys. In agreement with Yamada and Nafkaand Williams  crossing. With increasing temperature we find that the LS
et al*® Invar behaviour is confined to concentrations nearand the HS states come closer and finally merge at a critical
~35%, where we see a dramatic deviation of the magnetizaemperature. In addition, the temperature dependence of the
tion from the Slater-Pauling curve. The maximum shifts torelative volume change,, in the presence of an external
smaller Ni concentrations with decreasing temperaflire magnetic field has been obtained. Furthermore we have taken
With increasingT the magnetic moment decreases. Figure 9nto account off-stoichiometric concentration of the alloy
shows the temperature dependence of the thermal expansispstem FeNi; _,. With increase of the Ni concentration
coefficienta,,,, which is the derivative ofv,,, for different  w,, increases too. The thermal expansion coefficieptand
Ni-concentration values. These are in very good agreemerthe energy difference between the LS and the HS state as a
with the experimental data. The largest changes are at tenfiinction of T andx are discussed. The theoretical results are
peratures about OTZ, which corroborates that mentioned in good agreement with experimental data.

V. CONCLUSIONS
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