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We present first-principles electronic structure calculations of some face-centered-cubic disordered ternary
Invar alloys, using the tight-binding linearized muffin-tin orbital method combined with the coherent-potential
approximationTB-LMTO-CPA). We calculate the total energies, equilibrium lattice parameters, bulk moduli,
magnetic moments, and hyperfine fields for Fe-Ni-Co, Fe-Ni-Pd, and Fe-Ni-Pt Invar alloys. Charge densities at
the nuclei, which can be used to interpret the results of isomer shift experiments in these alloys, are also
presented. The effects of systematic Co, Pd, and Pt substitution in bingNifz@lloy on the above properties
are carefully examined. We examine the high moment to low moment transition by varying the concentration
of Fe. Total-energy curves as a function of the lattice parameter show two distinct minima corresponding to the
ferromagneticthigh moment and high volumend nonmagneti€zero moment and low volumestates. By
using the Debye-Gneisen model, we calculate thermal-expansion coefficients of these alloys near the Invar
compositions. The results are in qualitative agreement with the experimental trend. Finally, we present results
for the effective exchange coupling parameter in these alloys following the LMTO-CPA treatment of Liecht-
ensteinet al. [J. Magn. Magn. Mater67, 65 (1987)]. Comparison of the calculated quantities with available
experimental results is provided, wherever appropriate and feasible.

I. INTRODUCTION structure calculations based on the fixed spin morflegi)
method. Electronic structure calculations of ordered FeNi

The study of the Invar effect in alloys has been an activeand FePt alloys were performed extensively by Podgb
field of research since its discovery by Guillaunie 1897.  using the linear muffin-tin orbitalLMTO) method’ Fe;Ni
The most typical Invar system is the random fcgdNess ~ was also studied by Entet al® to show the connection be-
alloy, which shows almost zero thermal expansion over dween the Invar effects with martensitic transformations,
wide temperature range around room temperature. The termagnetovolume instabilities, and the low moment—high mo-
“Invar” is thus used to describe solids exhibiting invariance ment transitions. They employed the augmented spherical
of length (volume with respect to temperature. Since the wave method for zero-temperature calculations, combined
discovery of the Invar effect in random Fe-Ni alloys by Guil- with the spin-fluctuation theory for finite temperatures. Mo-
laume, a large number of alloys with Invar properties haveroni et al!* have presented results of LMTO calculations for
been discovered, and several theoretical models have beseaveral ordered Fe-Ni compounds based on the standard
proposed to explain the observed properties of these alloyfloating-spin method where the magnetic moment is the re-
A common feature of these alloys is that they are close tsult of the calculation for a fixed lattice parameter. The in-
(and on the magnetic side )o& ferromagnetic to nonmag- fluence of atomic disorder on the structural and magnetic
netic transition. The transition from a high volume ferromag-instabilities of random FEfi,_, alloys was studied by Abri-
netic state to a low volume nonmagnetic state occurs in thesesovet al®, who calculated several ground-state properties
alloys when the iron concentration is increased beyond itfor the whole concentration range using the LMTO-CPA
value in the Invar region. The difference between the enermethod. Similar studies for random /&, _, alloys were
gies of the magnetic and the nonmagnetic states immediatelarried by Schrter et al1° for concentrations near the Invar
above and below the transition is very small, as verified byregion using the Korringa-Kohn-Rostoker coherent-potential
ab initio electronic structure calculations. This result and theapproximation (KKR-CPA) scheme. Recently Hayn and
proximity of the Invar alloys to the transition form the basis Drchal? calculated properties of disordered,Pg_, alloys
of the so-called 2-state model, originally put forward by using the LMTO-CPA method. All these calculations involv-
Weis€ as an explanation of the Invar property. According toing disordered alloys employed the FSM scheme, and con-
this model the Invar property is a consequence of the cofirmed the existence of two local minima with different vol-
existence of high volumémagneti¢ and low volume(non-  umes near the Invar compositions. The binding-energy
magneti¢ states in the alloy. As the temperature is increasedgurves show two distinct branches with a small energy dif-
thermal excitation of the nonmagnetic low volume states iderence between their respective minima and thus the idea of
supposed to offset the usual thermal expansion due to anhahe two-state model is qualitatively confirmed. The possibil-
monic lattice vibrations. A large body of experimental resultsity of antiparallel spin alignments in these alloys has been
as well as theoretical models and calculations pertaining teonsidered in the KKR-CPA formulatidhof the disordered
Invar alloys now exist. Interested readers are referred to thiwcal moment (DLM) model!* Using the locally self-
review articles by Shighand Wassermarft consistent multiple scattering method, Waagal!® have

Recent theoretical studies of both ordered and disorderestudied the noncollinear magnetic structure of thgs Ry
alloys have been done mainly by first-principles electronicalloy. They obtain evidence suggesting the coexistence of
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ferromagnetism and antiferromagnetism in this alloy. In afluctuations in the near-neigbor environment of Fe, since
recent work, Schilfgaardet all® have presentedb initio  among all the component metals considered(iRethe fcc
calculations that allow for noncollinear spin alignments, phasé exhibits the strongest magnetovolume effect and sen-
where the local spin direction can deviate from the directiorsitivity to near-neighbor environment. Calculations of charge
of the average magnetic moment. According to their calcudensities at the nuclei for ordered and disordered alloys of
lations, the magnetic structure is characterized by a continihe same composition reveals only small differences between
ous transition from the high spifHS) state at high volumes the ordered and the disordered states, provided both are mag-
to a disordered noncollinear low spihS) state at low vol- ~ Netic or nonmagnetic. In view of this, it would be safe for us
umes. This noncollinearity gives rise to an anomalous vollo claim that the trends in the variation of physical quantities

ume dependence of the binding energy, leading to many O\1vith composition and lattice parameter presented in this pa-
the observed idiosyncrasies of Invar alloys. per should be reliable. The neglect of chemical short-range

Theoretical investigations of disordered Invar alloys have2rder should have a small effect on the exact locations and

so far been restricted to binary systems only. To bridge thiénagnitude.s. of the (:]iscontinuitiésharp_changg)?ir_l the vari-
gap, we present results for disordered ternary alloys, fcc FE2YS quantities at the FM-NM transition. It is important to
Ni-Co, Fe-Ni-Pd, and Fe-Ni-Pt, calculated using the tight_no'[e that in a noncollinear spin model treatment, similar to

binding (TB)-LMTO-CPA method in the atomic-sphere ap- that of Wangetal,' these dis_con_tinuities_ would appear
proximation (ASA).” We calculate the properties of these somevyhat smoother. The.organlzatlon of this paper is as fol-
alloys around the Invar compositions as well as through thé®Ws: in Sec. Il we describe the method of calculation fol-
ferromagnetic to nonmagnet{i&M-NM) transition. Two se- owe_d by the res_ults of Fotal—e_nergy calculations in Sec. Il.
ries of calculations are presented. Section IV contains a discussion of our results followed by

Case I Keeping the concentration of Fe fixed at 65%, Wethe conclusions.
vary the concentration of Ni by adding Co, Pd, and Pt. This
sh_ows the devia;ion <_)f properties of i35 alloy as the IIl. METHOD OF CALCULATION  (TB-LMTO-CPA )
third component is being added gradually.

Case II: Varying the concentration of Fe in each alloy we  The total-energy calculations were done using the TB-
study the FM-NM transition and its effect on various physi- LMTO-CPA method for the disordered ternary alloys. Read-
cal properties. ers are referred to Ref. 18 for a detailed discussion of the

In addition to calculating the standard cohesive, thermalmethod. Our calculations are based on the usual floating-spin
and magnetic properties, we have examined the exchangesoment scheme where the magnetic moment is the result of
interaction in these alloys. An understanding of the nature othe calculation for a fixed lattice parameter. On the other
the exchange interactions in these alloys and their variatiohand, the fixed spin momefSM) calculation involves de-
with respect to volume and composition, especially near théermining the total energy as a function of both magnetic
FM-NM transition, may shed new light on the nature of themoment and lattice parameter. As pointed out by Hayn and
Invar problem. In pure fcc Fe the transition from the high Drchal? the two approaches are equivalent in the sense that
volume and high moment state to the low volume and zerdor a given lattice parameter the magnetic moment calculated
moment state is accompanied by a rapid decrease in the ey the standard floating-spin moment approach is the same
change coupling constaht,which changes from a positive as the magnetic moment for which the FSM total energy has
to a large negative value before rising back to zero as thés minimum. In practice, the floating-spin moment approach
system is compressed. Thus the system changes from ferrgyay run into some convergence problem in the region of the
magnetic to antiferromagnetic and then to paramagnetic asroment-volume instability.We have tried to avoid the con-
result of gradual compression. This strong magnetovolum&ergence problem by carefully monitoring the mixing of the
effect is expected to be a common feature of all Invar alloysinitial and final charges during the iterations and increasing
To demonstrate this we study the variation of the exchangéhe number ok points. We have compared our results for
coupling constant in the ternary Invar systems by increasinge,Ni; _, with those of Abrikosowet al® Apart from the fact
the Fe concentration gradually beyond the FM-NM transi-that our method yields the FM-NM transition at a slightly
tion. We also provide results for the composition dependenchigher Fe concentration than obtained by these authors, the
of the average exchange coupling constants in some of thegreement is very good. For compositions near the Invar
ternary Invar alloys for a fixed Fe concentration of 65%. region the agreement is excellent. Thus the results presented

In the single-site approximation of the CPA, as used inare reliable, except for the possibility of a slight overestima-
this work, any chemical short-range order in the alloy istion of the Fe concentration at which the transition takes
completely neglected. A certain degree of chemical shortplace. Physical quantities related to compositions away from
range order is usually present in the disordered alloys at lowhe transition, as well as the magnitudes of the discontinui-
temperatures. For magnetic solids the problem is furtheties in various quantities at the transition, are accurate within
complicated by the fact that chemical short-range order anthe uncertainties of the approximations involved.
the magnetic state are interrelated. Admittedly the neglect of Ground-state properties were calculated for lattice param-
chemical short-range order introduces some error in the cakters that correspond to the minimum of the total energy. The
culated properties of the alloys. However, experience frontalculations are partially scalar-relativistic in the sense that
the application of the LMTO-ASA-CPA to binary transition- although the wave functions are nonrelativistic, first order
metal alloys suggests that, for the alloys considered, magperturbation corrections to the energy eigenvalues due to the
netic moments should agree to within 20% of the experimenbarwin and the mass-velocity terms are includkdspace
tal results. Most of the difference will be due to the integrations were usually performed over the irreducible
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FIG. 1. Total energy vs lattice parameters far Fe-Ni-Co and ~ Bohr magnetons/atorta) and hyperfine fields at Fe nuclg) with
(b) Fe-Ni-Pd alloys. Bold lines with open circles show less Co varying concentrations ok, whereX=Co, Pd, and Pt.
content in(a) and less Pd content itb). Dotted lines with filled

circles show more Co content {g) and more Pd content iflb). The V 9?PloV?

arrows with open heads indicate the positions of minima of NM yr=-—1- 2 aP/oV 1
regions of the total-energy curves with less @&a) content, while

those with filled heads are for larger @8d) content. where P and V are pressure and volume, respectively. To

obtain a qualitative variation of the thermal-expansion coef-

I . . ficient (a) with respect to Fe concentration we follow the
wedge of the Brillouin zone using 280points. The number approach used by Moruzzetal?® Using the Debye-

of k points was increased for calculations near the moment ieisen approximation, the free energy can be expressed
volume instability. Energy integrations were performed us-,4

ing a semicircular contour in the complex energy plane for

12 points. The exchange correlation functional used is that of FUib(r T)=E(r)+ E”Dib(r,T)—T%ib(r,T), )

von Barth and Hedif® In all the calculations, the lattice _ . _
relaxation effects were included following the treatment sugWhere E(r)lb's the total energy at 0 K for a Wigner-Seitz
gested by Kudrnovskyand Drchaf® To avoid having to radiusr. E} (r.,T) gndS’,g' (r,T) are the thermal vibrational
compute the Madelung energy, the constituent spheres wef&€"9y and vibrational entropy, respectively, at temperature
made charge neutrabith charge transfer- 1/10 000th of an Tin the Deby_e model. They can be calculated from the stan-
electron. The choices of radii were made carefully to insure 9ard expressions:

that the sphere-overlaps stay within the range of validity of
atomic-sphere approximatiofASA). Total energy, local,

and average magnetic moments, charge and spin densities at_;, B
the nuclei are all usual products of the calculation. Sp (1, T)=3kg{4/3D(Op /T) ~In[1—exp(— Op /T ]},

3

where @ is the Debye temperatur&,=9/8kg0p is the
A. Elastic and thermal properties zero-point energy andkg is the Boltzmann constant.
From the total-energy versus lattice parameter curves, wB(®p /T) is the Debye function obtained from the tabulated
calculated the ground-stat@ € 0) bulk modulus B) at zero ~ values?® Finally, a(T) is calculated as
pressure. Gmeisen parameter for low temperatufieT),
vL7, was calculated by using the Debye-Geisen model as
described by Moruzzét al..?°

EYP(r, T)=Ey+3kgTD(Op /T)

~1drg

e dr (4)

a(T



PRB 62 ELECTRONIC STRUCTURE AND RELATED THERMA . .. 12 733
7 T T T T T T T T T T T T 50 [] T 50 T
P " (a) Fe, NI A
L (@) P // 40 _ (a) Fe,;NI,.Co,, 40 FewNIMCo“!.-" |
A B // ,. ® 30 ;
6.9 r /:_:.»"" .,.".( T —
- P A A 2 Y
= Pra -7 g Y
8 68xg o7 . Y v - Ho0 % 7.5,
- - ; K
“3‘ -/ - -k~ - = .
.’ _ - A 10 - L} 1
6.7 ._4_:/_——.————'\'——-—’.%. B .h". .
0 Syl |
(b) Fe15Ni1ﬂc°I.'t
24
66 ——+—+—F+——~+—+— I I
b
22 - @—®Fe, Ni,_Co), A 18
m-—8 Fe (Ni, Pd ), 2
A-AFe (Ni Pt). K 212}
m
E 4
% 06
-]
0 eeeeeteosete — '
B 6 6.25 6.5 6.75 7 7.25 75

Lattice parameter (a.u.)
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FIG. 3. (a) Equilibrium lattice parameters of E€Ni; ,X,)3s

alloys as a function oK, as described in Fig. 2. E¢Ni,_,Co)ss  €lectronic contribution to the specific heat. As suggested by

(bold line with filled circles; Fess(Ni;_,Pd,)ss (dotted line with ~ Ashcroft and Mermirf? for nearly-free-electron metals this
filled squarel Fesg(Ni;_Pt)4s (dashed line with filled trianglgs ~ expression can be modified to

Bold, dotted, and dashed lines correspond to the Vegard's law val-
ues for Fgs(Ni;-,C0)ss, Fess(Niz—xPd)ss, and Fes(Ni;_xPt)ss

' 2
alloys, respectively. The open triangles denote experimental values ( v.1C,+ 3Ce|)

obtained from Ref. 22 and the inverted triangle is from Ref.(B1. a= , (6)
Bulk moduli at equilibrium lattice parameters for the alloys. 3B

wherer, is the Wigner-Seitz radius corresponding to the 11

minimum of the free-energy curve for a particular tempera- 10t ,

ture T. Following the suggestion by Moruzet al?° we ap- QE::N::Z’O

proximate®p by 41.63¢,B/M)'2, whereB andM are the ¢ ¢ Fo-Ni-Pd

bulk modulus and average atomic weight, respectively. This
expression fo®p , as discussed by Moruzet al,?° should
be valid for metallic systems with Poisson’s ratio close to
For Fe, Co, and Ni this ratio is close to 0.30 and for Ptitis £
0.39. Hence the above expression @&y should be valid for
the alloys under study. As a check, we compare the values o,
®p calculated this way with the values obtained from the
concentration weighted average of the Debye temperature
of the pure elements. The two approaches yield very simi-
lar values.

An alternative way of estimating the thermal-expansion
coefficient is to use the well-known relation

Ry)
C 4 M ® s OO N D ©
T

~Ern

| A

8.;15
efa

FIG. 5. Energy difference between the minima of honmagnetic
(NM) and ferromagneti¢FM) states as a function of electron per
atom ratio(e/a of the alloys. The dotted line shows the zero of
whereC, is the lattice specific heat at constant volume. Forenergy difference. See textliscussion in the beginning of Sec.

metals this expression should be modified to include thell B) for details of the exact compositions used in the calculations.

8.55 8.65
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FIG. 6. Component-projected spin-resolved DOS. In all cases, the bold, dotted, and dashed lines are for F& péirteddOS, where
X=Cao, Pd, and Pt. The vertical lines show the positions of the Fermi levels. The numbers in the uppefganesrepresent partial
magnetic moments in Bohr magnetons/atom.

whereC,, is the electronic specific heat. For metals with thethe sum of one-electron energies in terms of the scattering-
Fermi level well within thed band the correction is harder to path operator or the auxiliary Green’s function. In LMTO the
evaluate. However, for the thermal expansion at room temlatter can be evaluated from a knowledge of the potential
perature or even at the lowest temperatures at whidkas  function and the structure constant matrix. Mapping the
been measure¢around — 100 °C), the electronic contribu- change in energy onto a Heisenberg model results in an ex-
tion to specific heat is negligible compared to the contribu-pression for the exchange coupling constant:
tion from lattice vibrations. Thus we use E®) to (secondl
estimatea from the calculated values af, +, B, and from
the tabulated valué$of the Debye model expression for the
lattice specific heat. Note that E@) is commonly used for
evaluating the Gmeisen parameter from calculated valuesthe sum of the exchange interactions between the reference
of the bulk modulus, specific heat, and the thermal-spin and all its neighbors. In a mean-field theory this cou-
expansion coefficierft: pling constant is proportional to the Curie temperafligeof
the system. For a multicomponent random alloy the mean-
field estimate off - can be assumed to be proportional to the
concentration weighted average of the coupling constants
We calculate the total exchange coupling paraméteas  calculated for the component atoms. Thus for the random
a function of concentration following the prescription of ternary alloys we calculate the average coupling constant as
Liechtensteinet al?>%® Essentially, the method is based on
mapping the change in energy due to the deviation of a
single spin, at a reference sitefrom the collinear ferromag-
netic ground state onto an effective Heisenberg model. ThevhereJ;’s (i=A/B/C) are the exchange coupling constants
change in energy corresponding to this small spin-densityor atomsA,B, andC considered as impurities in the effec-
perturbation is approximated by the change in the sum ofive CPA medium and;’s are the concentrations of the in-
one-electron energies by appealing to Andersen’s “localividual componentsJ; is given by the following expres-
force theorem.?’ Using Lloyd’s formul&® one can express sion:

Jo:; Joj (@)

B. Exchange interactions

Jo=Xadat+Xgdg+Xcdc, (8
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FIG. 7. (a)—(c): Average magnetic moments as a function of Fe concentratio@f¢FeNi; _,)gsCois5; (b) (FeNi;_,)gsPdis (after 85%
of Fe, the three plotted points are forggigPdy;, FesgNigsPthe and FggNigsPdys); (€) (FeNiq_y)gsPtis. (d)—(f): Hyperfine fields at Fe
nuclei as a function of Fe concentration for the same compositions described above.

with

TL,(z):<gfg<z>>{1+[Pb(z)—7>Lo<z>]<g€a<z>>}.( 0
1

where o is the spin index { or |). P}, is the potential
function of the componeni for orbital L and spino. The

Jj

1 Er i i [
:_E;f dEIM{AL(2)[TL1(2)~ T ,(2)]

+ALD)TL(2ALDTL (D),

AL(2=P(2-PL,(2),

PLo(2)=[2=CL I[AL,+ 7o(z=CL)]

©)

IIl. RESULTS AND DISCUSSION
A. Case |

Our motivation for this part is to explore the effects of
gradual addition of a third component frond 34d, and &
series to FgNiss alloy. We have chosen Co@3, Pd(4d),
and Pt(%) to be the third component to be added. For all
cases, the concentration of Fe has been fixed to be at 65%.
The addition of Pd or Pt does not change the electron per
atom (e/g ratio from its value of 8.7 for the RgNisg alloy.
With the addition of Co this ratio is reduced below 8.7. The
results are presented in Figgallfor Fe-Ni-Co and {b) for
Fe-Ni-Pd. In all cases, the resulting total-energy curves show
two minima, one with a large magnetic moment and a large
lattice parameter and the other with a smaller lattice param-
eter and with zero magnetic moment. The energy difference
between the two minima decreases with the addition of Co,

potential function has been expressed above in terms of th&énd increases with the addition of Pd and(iet shown in

potential parameter§,A, andy of the LMTO Hamiltonian.

the graph. Thus the transition from the ferromagnetic to

zis the complex energy anélr is the Fermi energy of the nonmagnetic state becomes easgiardej with the addition
alloy, (gf,(2)) is the configuration averaged auxiliary Green of Co (Pd, P}. The reduction of e/a ratio from 8.7 (0% Lo
function within the CPA andP is the coherent-potential of to 8.4 (30% Codrives the system towards a region of strong
the medium. The CPA calculation is performed by invokingmagnetovolume instability in the case of Co-substituted
the usual single-site approximation.

Fe;sNiss alloy. For Pd- and Pt-substituted ternary alloys, the
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-12 ¢ ] ] netic moments enhance as a result of substituting with Co.
] :_:,';f These changes are reflected in the changes in hyperfine field
21 —~_ | — Pt . at the Fe nucleupsee Fig. 20)]. Our calculation of the hy-
I T~ perfine field at the Fe nucleus is restricted to the Fermi con-
L | tact term with the core contribution set proportional to the
- 65 70 75 80 85 90 local Fe magnetic moment, and follows exactly the prescrip-
at. % Fe tion of Turek?® Hyperfine field values increase sharply in

FIG. 8. Total(coretvalence charge densities at component nu-
clei. The charge densities are shown relative to their valuga) at
76%,(b) 86%), and(c) 78% of Fe in the alloys. The bold horizontal
lines show the positions of zero charge differences. See(tsd
cussion in the beginning of Sec. Ill B, and the caption of Figfor
the details of the exact compositions used in the calculations.

energy barriers(difference between the two minimare
larger than those found in binary §Blis5 alloy. This is con-

magnitude with the addition of Co. The changes for Pd- and
Pt-substituted alloys are less pronounced, though the values
of the hyperfine field are somewhat increased from the val-
ues for the FgNiss alloy.

Equilibrium lattice parameters and bulk moduli are pre-
sented in Fig. 3. Figure (8) shows that Co substitution
hardly changes the equilibrium lattice parameter value of
FessNigs. This is expected as the Wigner-Seitz radii of Fe,
Co, and Ni are similar. Addition of Pd or Pt increases the
equilibrium lattice parameters due to their larger sizes. For

sistent with the known resultsfor binary alloys, where the comparison, we have also plotted the values of lattice param-
barrier heights for FgPts and FegNis, are quoted as 2.1 eters based on Vegard’s law. There is a negative deviation
and 1.1 mRyd, respectively. Effects on magnetic propertiefrom the Vegard's law values in all cases. FogdRg3s, the

are presented in Fig. 2. Figuréa? shows that the average calculated value of the equilibrium lattice parameter is close

magnetic moment increases with the gradual substitutioto the value obtained by Abrikosaet al,” but less than the
with Co whereas the moments in Pd- and Pt-substituted akexperimental value of 6.796 afi.The experimental lattice
loys decrease. Change in moments in Pt alloys is more prgearameters for Pt-substituted is alloy®! for 5.6 and
nounced than in the Pd alloys, where the change is almod0.8% Pt are also shown in Fig(é3. The deviation from
negligible. Partial magnetic moments at Fe sites increase iaxperimental results is-3%. This underestimation of the
Pd- and Pt-substituted alloys, and decrease in Co-substitutéattice parameter in our calculation is partly due to the local
alloys. But as Co is a magnetic substance, the average magpin-density approximation and partly due to the atomic-

TABLE |. Pressure effects on magnetic moment. Values of}du/dP) x 10~ %Pa for different al-
loys. For each alloy system within the vertical bars, the first value is for a composition away from the
FM-NM transition, while the second one is for a composition just before the transition.
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—-23

FessNizgCoys
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FIG. 10. Equilibrium lattice parameters, bulk moduli, and @xisen parameters as a function of Fe concentration for Fe-&iHP(c),
Fe-Ni-Co(d)—(f), and Fe-Ni-Pdg)—(i) alloys. See textdiscussion in the beginning of Sec. Ill B, and the caption of Fido7 details of the
exact compositions used in the calculations.

sphere approximatioftASA) which resorts to making the tween 75%(magneti¢ and 76% (nonmagnetit of Fe. For
charge-density spherically symmetric. These approximationéFegNi,_,)gsPti5 the transition was found to be between
also lead to an overestimation of the bulk moduli. Figure77% (magneti¢ and 78%(nonmagnetic For the Fe-Ni-Pd
3(b) shows that the bulk moduli values increase with thesystem the Fe concentration needed to be increased beyond
addition of Pd and Pt, and decrease with the addition of Co85% to obtain the transition, i.e., the Pd concentration
For FegNiss, we obtain a value of 1.87 MBar, less than thatneeded to be lowered below 15%. Thus for this system cal-
(~2 MBar) presented in Ref. 9, but greater than the expericulations —were performed for the formula unit
mental value: 1.06 MBat The expression 41.68¢B/M)? I((-i-:s%(lela_r;(c)iBSPt%g rjor ttrr:r%;Otacl:oFrﬁp(é)zaicoennsfrat:/(\igrgf 8;)'/; cct)(red'
for the Debye temperatur®, as suggested by Moruzzi . . _ :
et al,?° yieldé the sz)ilues 38Dl and 34g7gK for ggéi% and  FSeNioPhy, FesgNiogPche, and FeoNipdPdys. A couple of
Fa,Ni,ePt,, respectively. These compare well with the val- comments are in order at this stage. First, as stated earlier,

: our floating-spin moment calculation overestimates slightly
ues 385 K (0% Ptand 300 K (10.8% Brquoted in Ref. 31. the Fe concentration at which the FM-NM transition takes

place. Thus experimentally the transition is likely to be ob-
B. Case || tained at a Fe concentration lower than that suggested in this
paper. Second, the changes in the physical quantities associ-
In this case we vary the concentration of Fe in order toated with the transition should be smootliee., take place
examine the FM-NM transition. This transition manifests it- over a wider composition rang¢han what is given by our
self in the form of shargalmost discontinuoyschanges in  collinear magnetic model calculation, where the spin has
magnetic, cohesivéelastio and thermal properties of the only two degrees of freedom. As shown by van Schilfgaarde
system. Calculation for Fe-Ni-Co and Fe-Ni-Pt systems weret al,'® in a noncollinear magnetic model, where the mag-
usually done by keeping the Co and Pt concentrations fixedletic moment can vary locally in directions, these changes
at 15%, while the concentrations in the Fe-Ni matrix weretake place continuously as a function of composition. We
varied through the FM-NM transition. This means that fordivide the discussion of the calculated quantities into three
these systems the transition could be achieved for 15% of Cdifferent parts and provide a comparison with experimental
or Pt. For (FeNi;_,)gsCoy5 the transition was observed be- results, as available.
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FIG. 11. Thermal-expansion coefficients vs concentrations of Fe for Fe-N&Gmd (d), Fe-Ni-Pd(b) and(e) and Fe-Ni-Ptc) and(f)
alloys. The right panel shows the results obtained by using®gand the left panel shows the results from the minimization of free energy
with the lattice vibrational contribution based on the Debyér@isen model. See tegdliscussion in the beginning of Sec. 1l B, and the
caption of Fig. 7 for details of the exact compositions used in the calculations.

1. Magnetic and related properties between the minima as a function of the e/a ratio of the alloy

In Fig. 4@, we show the positions of the two energy SYStem. According to Fig. 3 of the review article by
minima in the case of Fe-Ni-Co alloys as functions of lattice\Wassermanfi, alloys with an e/a between 8.5 and 9 are
parameter. For 75% Fe, the two minima are almost degeneffable ferromagnets. In the range 8.8/a<8.7, the energy
ate. Figure ) shows the average magnetic moment withdifference is still positive but the alloys show large magne-
variation in volume of the system for this alloy. Up to this tovolume instabilities. It is to be noted thatggMdiss has an
concentration the ground state of the system is ferromagneti/a value of 8.7. Further reduction of the e/a ratio leads to
with a higher volume. The inset shows the same after théarger instabilities and the systems undergo a structural phase
transition when the system becomes paoa@magnetic with  transition from the fcc phase to the bcc phase. In all of our
a lower volume. Thus the nature of the magnetovolume incalculations we have considered the alloys to be based on the
stability is similar to that in other binary Invar alloys. These fcc structure. We find that the transitions occur for e/a ratios
transitions are seen in Fe-Ni-Pd and Fe-Ni-Pt alloys as welbetween 8.3 and 8.45.
at their respective critical concentrations of Fe. The critical Figure 6 shows the component projected-spin-resolved
concentrations of Fe at which the three systems becomeéensities of states for different alloy compositions in the FM
pargnonmagnetic are 0.76, 0.86, and 0.78 for Fe-Ni-Co,and NM(nonmagnetic or paramagnetitates along with the
Fe-Ni-Pd, and Fe-Ni-Pt, respectively. Approaching thesemagnetic moments of individual components. The upper
critical concentrations, the energy difference between th@anel[Figs. §a), 6(c), and &e)] is for the FM states and the
two minima (FM and NM) decreases gradually. This is lower panelFigs. 6b), 6(d), and &f)] is for the NM states.
shown in Fig. 5. Addition of Fe reduces the electron/atomFor Pd- and Pt-substituted alloys, the peaks related to Pd or
(e/a ratio. The plot shows the variation of energy differencePt are below the Fe and Ni peaks. From Fig)6it is seen
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FIG. 12. Concentration-averaged exchange coupling constani® fee;s(Ni; ,C0o,)ss, (b) Fess(Niy_Pd) 35, and(c) Fess(Niq - Pt) 35
alloys as a function of Co/Pd/Pt concentrati¢d). represents the same for (J&;_,)gsC0;5 alloy as a function of Fe concentration.

that the partial density of staté®OS) for majority spins are  charge density at component nuclei as a function of Fe con-
almost identical for Fe, Co, and Ni while the minority-spin centration. The zero of the charge density has been taken to
DOS are shifted relative to one another. Exchange splittingpe that at the critical concentrations of Fe quoted above. At
of Fe majority and minority DOS is the highest among thethe FM-NM transition a sharp change in the charge density
three, and that for Ni is the lowest. This is manifested in theat the nuclei is expected, since the disappearance of the mag-
values of the magnetic moments. Froa), it is seen that the  petic moment should accompany a transfer of charge ttom

Fe moment is slightly higher in Pd-substituted alloy, while g g |ike states. Thus, as the system passes from magnetic to
the Ni moments stay very similar in all the alloys. Note thatonmagnetic state, the charge density at the nuclei, which is
Pt and Pd, on the verge of magnetic instability in the puréy,q o5 states only, should increase. Such a change should
state, acquire magnetic moments in the alloy due to the presaq it in a noticeable change in isomer shift and should be
ence of magnetic neighbors Fe and Ni. Pure Co is 'tseqnbservable experimentally. RecetiFe Mdssbauer isomer

ferromagnetic and in the alloy its magnetism is somewhat, . : . .
o X ; . shift measurements in Fe-Ni fcc random alloys show a dis-
diminished with respect to its pure state. The lowering of the

lattice parameter in the par@rimagnetic state causes the Continuity of—0.4 el/g at the fransition spanning a concen-
bands to broaden, with a corresponding broadening of thifation range-60-80 at. % Fé’ The values of charge den-
peaks in the DOS and an overall lowering of the DOS ev-Sities are close for Fe, Ni, and Co nuclei, and are larger for
erywhere. Pd and Pt, as expected. Note that our charge-density calcu-
Figure 7 shows the variation of magnetic properties withlation involves nonrelativistic wave functions, which are fi-
Fe concentration. Almost discontinuous changes in averageite at the origin (=0). The charge densities indicated at
magnetic moments and hyperfine fields at the Fe nuclei aghe nuclei are actually the charge densities=aD. Since the
pear at the critical concentrations of Fe. The variations ofirst-order corrections to the energy due to Darwin and mass-
magnetic moment and hyperfine fields in the FM region arevelocity terms are included, this charge density comes out
almost linear with concentration. In Fig. 8 we present thesomewhat intermediate between those given by nonrelativis-
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tic and scalar-relativistic calculations. The charge densities 40 . T . T . T . T
we report have a weak dependence on the sphere radii cho- L ne
sen for the component atoms. The latter were varied to keep 30 | ®o
the spheres charge neutral. Although this makes us avoid the &, .oo'
problem of having to calculate the Madelung potential, the % 20 | ...o |
error due to the ASA changes with a change in sphere radii. =, ...’
Note that unlike standard LMTO calculations for crystalline £ 10 b ..0° i
solids, no combined correction terms are included in our cal- I
culations to reduce the ASA-related errors. In addition, the Ly
use of nonrelativistic wave function makes the charge densi- 0 eecescscees —
ties for the alloys containing Pt less reliable. 18 |+ .l.“"l -
. . . . u

In Fig. 9, we plot the ratio of hyperfine fields at the Fe ~ L - ",
nuclei at finite(nonzerg and zero pressures as a function of E’ 12 L - 'l. ]
pressure. The ratio decreases from one at the zero pressureg =
(equilibrium) to zero at a pressure around 4-5.5 GPa. Here S I "
the graph is shown up to the pressure where the ground state™ 6 T
is ferromagnetic. This can be compared with the experimen-
tal results provided in Fig. 34) of the review article by 0 susessusnnn |+ |+
Wassermann. Though the experimental values are for the I AdAd,
Fe-Ni and Fe-Pt binary alloys around the Invar composition, 15 A AAA .
the general trend is similar to our results for the ternary sys- & a A A
tems. We also calculated pressure effects on magnetization. = 10 + A A,
It is well known that near the Invar composition the logarith- — A
mic derivative of the magnetizatiod with respect to pres- - B A |
sureP, (1/M)(dM/dP), has a large negative value. We ap-
proximate this quantity by (1/)(du/dP) where u is the N M hAAAA L
average magnetic moment of the alloy. The results are pre- T oY)
sented in Table I. In all cases the values are quite high near o4 | OooOO i
the transition compared to those away from the transition. = | 00000
For comparison, the value of () (dM/dP) for 33.6 at. % & 14 | OOOOO i
Ni in FeNi alloy is —80x 10~ '%/Pa, as obtained experimen- & o
tally by Onoet al3* - . ©

2. Thermal and elastic properties
. . : 0 cocooovocooo—! ' :
Ground-state properties such as equilibrium lattice param- 6 6.3 6.6 6.9 70 75

eters, bulk moduli, and Gneisen parameters are plotted in
Fig. 10 as a function of Fe concentration. All of these prop-
erties show anomalies around the critiG@M-NM) regions. - ) .
These properties have been obtained at the equilibrium lat- FIG. 13. Var_latlon .Of the exchange C°“p"r.‘9 constant with lat-
tice parameters. Both the equilibrium lattice parameters anfice parameter in FegNizoC0s5. The concentration av?raged.value
bulk moduli are almost linear functions of the Fe concentra-"’mo'd.the valuehs for the component atoms in the single-site. CPA
tions. As seen from the figures, the values of thér@isen medium are shown.
parameters are highly anomalous at the region of transition . . .

; ; duce the correct trend and even yield negative expansion
The values drop down at these regions and usually increasge

after the transition in the pafrorymagnetic state. In the case coefficients. For the sake of comparison with the experimen-
of Fe-Ni-Pd, we even found a negative value for the 1Gru tal results of Fig. 10-1 of the review article by Shigae

. used a temperature ef 100 °C for calculating the expansion
elsen parameter. coefficients shown in Fig. 11. Note that a negative expansion
Figure 11 shows the calculated thermal-expansion coeffi 9.1 9 P

cients as a function of Fe concentration. The left patel- coefficien_t can re_sult from Ed5) only when the Groeisen
(c)] shows the values calculated by using Eg), while the constant is negative.

right panel[(d)—(f)] shows the values obtained from free-

energy minimization using the Debye-@risen model, as
discussed in Sec. Il. A local minimum appears close to the Finally, we present the results of the calculations of the
composition where the FM-NM transition takes place. Thistotal exchange interaction parametégs As a test case, we
kind of valley structure is qualitatively similar to what is calculate the exchange parameter and hence the Curie tem-
observed experimentally in most of the Invar alloys. For ex-peratureT¢ (Tc>J,) of pure bcc Fe and fcc Ni, using the
ample, Fig. 10-1 of the review article by Shigshows the relationTo=2J,/3kg. The calculated,’s for Fe and Ni are
thermal-expansion coefficients for FeNi alloys. We find thel3 and 2.1 mRy, respectively. These yield Curie tempera-
order of magnitude to be the same as in other binary Invatures of 1430 K for bcc Fe and 225 K for fcc Ni which are
alloys. In spite of numerous approximations involved in es-comparable to the values of 1260 and 225 K obtained by
timating the thermal expansion coefficients, the results reproStauntonet al3® The use of the CPA for the alloy phase and

Lattice parameter (a.u.)

3. Exchange interaction
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the above mean-field expression relating the Curie temperantiferromagnetic interaction. The CPA invokes the effect of
ture toJ, both overestimatd . Note also thafl is over-  the average environment generated by all the component at-
estimated in a Stoner-like theory where the transition from aams and therefore, is unable to produce antiferromagnetic
ferromagnetic to a pat@onmagnetic state results from a exchange, requiring very specific arrangement of near neigh-
complete disappearance of local moments. It is expected thabrs. Note also that the CPA is valid only as long as the
a noncollinear description of itinerant magnetism would re-magnetic properties of the component atoms are not too dis-
duceT.. Our estimate ofl - for Fe;sNiss, 1800 K, is thus  similar. This makes the results for large lattice parameters in
understandably higher than the experimental value of 50Fig. 13 unreliable.
K3
Except for an overestimation of the exchange coupling IV. CONCLUSION

constant, our calculation is able to produce the correct trend. We have examined in detail the electronic structure. and
Figures 122)-12c) shows the values df, as a function of cohesive, thermal, and magnetic properties of some ;:iisor-
varying concentrations of Co, Pd, or Pt for the alloys men- ' ' 9 Prop
. i X . . dered ternary Invar alloys. The results for these ternary al-
tioned in Case 1J, decreases with an increase in Co con- e . . 4

: . . . .~ loys show remarkable similarity with the binary alloys with
centration, and increases with the addition of Pd or Pt. Figure . ;

X regard to the general Invar behavior. Ground-state properties

12(d) shows the dependence &f as a function of Fe con- : ;

; . o . of these Invar alloys show anomalies near the ferromagnetic
centration for (FgNi;_,)gsC0;5 alloys. With increase in Fe

. ... __to pargnonmagnetic transitions, as observed in binary sys-
concentration,), decreases and becomes zero at the cnucaﬁ pargnonmag y sy

concentration. Thus, the disappearance of the average loc qs The calculation of thermal-expansion coefficients,

moment is accompanied by disappearance of the average @ lagnetic moments, and hyperfine fields are in qualitative
. mp y PP 9 greement with the experimental trend. The transition from
change interaction, a result related to the strong magnetovo]:

ume effect of fee Fe. This maanetovolume effect in the ex- he ferromagnetic to the nonmagnetic state is shown to be
. 9 ccompanied by a sharp change in the charge density at the

change interaction of fcc Fe is behevgd to be the key ?Iemerﬁuclei, which is a result of a major change in the electronic
of all Invar alloys. There are suggestions that in Fe-Ni Invar

allovs the frustration resulting from nearest-neiahbor Ee-F charge distribution at the transition. The disappearance of the
Y ; 9 '9 . cal magnetic moment accompanies a transfer of charge
antiferromagnetic exchange and ferromagnetic Fe-Ni an

Ni-Ni exchange together with a rapid change with distance indom dto s states, causing a rapid increase in the charge

) . o ensity at the nuclear sites. This has been observedra
the Fe-Fe exchange interaction are a prerequisite to CondMéssbauer shift experiments in the Fe-Ni svs@rfihe re-
tions leading to the Invar propertié$: 3 The strong volume P y

dependence of the exchange coupling seen in fceRe. sults for the exchange coupling parameters, though overesti-

17) is retained in the alloy phase. Figure 13 shows the Varia[nated in our CPA calculation, reproduce the correct trend

tion of the exchanae counling constant i . Cowith with regard to variation with lattice parameter and composi-
. 9 piing N6l 20C 015 tion. A detailed study of exchange interactions going beyond
the lattice parameter. The exchange coupling constants f%ean-field approximations is in progress

the component atoms in the CPA medium and their concen-
tration averaged values are shown. The decrease in the ex-
change coupling constant with decreasing volume per atom
is in qualitative agreement with the experimentally observed S.K.B. would like to thank Denis Rancourt and Ken
decrease of ¢ with increasing pressure for binary Invar al- Lagarec for discussions related to Invar alloys. The authors
loys, such as Fe-Ni and Fe-Riee pane{b) of Fig. 54 of the  would also like to gratefully acknowledge numerous helpful
review article by Wassermann. Note that the CPA ignores discussions with Vaclav Drchal and Josef Kudrnovekythe

all effects related to fluctuations in the near-neighbor enviLMTO-CPA method. This work was supported by a grant
ronment and yields essentially a mean-field result. It is thusrom the Natural Sciences and Engineering Research Council
unable to produce a change from the ferromagnetic to thef Canada.
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