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Invar behavior of disordered fcc-Fe Pt; _, alloys
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Using the tight-binding linearized muffin-tin orbital method combined with the coherent-potential approxi-
mation(TB-LMTO-CPA) we have calculated the electronic and magnetic structure of disordered,Rg Fe
alloys in a broad concentration range. The total energy was determined as a function of the lattice constant and
of the magnetic momerifixed-spin moment methgdFor iron concentrations betweer0.10 andx=0.85
the equilibrium lattice constant, the bulk modulus, and the magnetic moment were determined in good agree-
ment with available experimental data. No deviations of the magnetization from the Slater-Pauling curve in the
Invar region were found. In that region two minima of the total energy exist, one with a high moment and a
large lattice constant and the other with a zero moment and a small lattice constant, which explains qualita-
tively the Invar effect. Both minima become degenerate at the critical concentratie,76. A nonmagnetic
ground state was found for>x.. The energy barrier separating these two minima is two times higher in FePt
Invar alloys than in the FeNi system. The relativistic effects were included within the scalar relativistic
approximation[S0163-182608)04632-3

I. INTRODUCTION fects had been consider€dOnly recently there appeared
calculations that took disorder into account in the case of
The Invar effect has been known as the absence of thefeNi alloys'® based on the coherent potential approximation.
mal expansion for a long timelt occurs in several alloys However, until now, to our knowledge, no calculation of this
and intermetallic phases; the most famous examples are fddnd exists for FePt alloys. It is the aim of the present work
FeNi and FePt alloys at around 65 to 75% iron. In addition tcto fill in this gap. Such a calculation allows one to study the
many similarities there are remarkable differences betweeiifluence of disorder on the total-energy results, but it also
both alloys, especially in their magnetic properties. It ishas the advantage that the composition of the alloy can be
known that FeNi alloys show deviations from the Slater-varied, which is not possible for ordered phases. We present
Pauling curve of the magnetic moment in dependence o#he results of the fixed spin moment calculations for disor-
concentrationm(x), but FePt does ndt? This may be at- dered fcc FePt alloys and discuss the differences to FeNi.
tributed to the difference between weak and strong ferromag- In contrast to the FeNi system, one expects considerable
netism, respectivelysee Ref. 2 and references thejeim  relativistic effects in FePt alloys due to the large atomic
early band theoriésthe Invar effect in FeNi was explained number of Pt. We choose here the scalar relativistic approxi-
as resulting from the weak ferromagnetic behavior. Such amation and show the difference from a nonrelativistic treat-
explanation is, however, not applicable to FePt. More recentnent, which is especially remarkable for the lattice constant.
accurate total-energy calculations showed the presence dhe paper is organized as follows: the method of calculation
two nearly degenerate local minima in the total energyis described in Sec. I, the total-energy calculations are pre-
E(a,m) as a function of the magnetic momemtand the ~ sented in Sec. Ill, and the results are discussed in Sec. IV.
lattice constant in all the Invar substances considefefl.
The deeper minimum has a large magnetic moment and a
large lattice constant, whereas the other minimum has zero
or a small magnetic moment and a small lattice constant. The calculations were done using the coherent potential
However, the accurate total-energy calculations yield no deapproximation (CPA) formulated within the tight-binding
viations from the Slater-Pauling curve in the case of disorversion of the linear muffin-tin orbitals descriptioif B-
dered FeNi alloyd? in contrast to early calculations for LMTO) of solids(see Refs. 12 and 13, where the method is
FeNi alloys with a fixed lattice constant. explained in detajl The charge and spin density are deter-
The FePt alloy system has a complex phase diagram witmined in a self-consistent manner. The energy integration
many ordered phasé®The stable phase in the Invar region along a contour in the complex upper half plane was per-
at around 75% iron is the ordered ¢ intermetallic com- formed by using a Gaussian quadrature with 10 nodes. The
pound, but disordered alloys can be produced as well, shovk-space integrals were calculated with 182oints in the
ing also the Invar effect in a narrow concentration range. Thérreducible wedge of the fcc Brillouin zon€8Z), corre-
two minima of the total energ¥,(a,m) were first estab- sponding to 6912 points in the full BZ. The radial Schro
lished in calculations for ordered i and FgPt dinger equation for the core and valence states was solved
compound$. For the latter substance also noncollinear ef-using the scalar relativistic approximation for the Dirac

II. THE TB-LMTO-CPA METHOD
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250 - - - tice due to the relativistic effects is clearly seen in Fig. 1.
Such a strong contraction is not observed in the FeNi system
200 ° FesoPlso 1 and shows the importance of relativistic effects for FePt al-
:i o L @ | loys.
£ ®
3 100} ‘\9 J Ill. RESULTS OF TOTAL-ENERGY CALCULATIONS
2 \‘\ . .
}; 50 | ® | We have performed total-energy calculations for a series
2 \,‘ o of fcc FgPt,_, alloys with 0<x=<0.85, and in the Invar
ol 9600007 | region, we have calculated the FSM energy contoursxfor
=0.7,0.75, and 0.8Figs. 2a)—2(c)]. All three energy con-
tours Eyo(a,m) show two energy minima, one with a large

&3 70 s 80 magnetic moment and a large lattice constant, and the other
lattice constant (bofr) with a smaller lattice constant and without magnetic mo-
FIG. 1. Nonrelativistic(open circles, dashed lineand scalar ment. By changing the Fe concentration, the two minima are

relativistic (filled circles, full line® total energy Eo(a) for mutually shifted. At the critical concentratiox,~0.76, both

FeysPlso @s a function of the lattice constaat The minima of ~ Minima have the same energy. For iron-rich alloys:x.,

both curves have been set to zero energy, and the lines are due t¢R honmagnetic ground state is stable, butxXerx, one

polynomial interpolation of the nonmagnetic values. finds a magnetic solutioexcept the nonmagnetic pure fcc
platinum. The total energie&,(a) of the magnetic and of

equatiort* The relativistic corrections have a considerableth® nonmagneti.c solution as functions of the ]attice constant

effect on the results for EBY_, alloys as will be discussed &€ shown in Fig. 3 for the kgl 55 alloy. This alloy be-

below. The Wigner-Seitz radii of both constituents have beefiPndS to the Invar region and it has two nearly degenerate
chosen to be equal and according to the atomic sphere aff?inima, the energy of the magnetic solution being lower
proximation(ASA). Consequently, the Wigner-Seitz spheres®MlY by 0.7 mRyd. In a certain range of lattice parameters
are not neutral and due to the charge transfer the Madelunge“"’een 6.775 and 7.0 atomic uniteth solutions are lo-
potential appears. Its effect was taken into account in termgally stable and can be calculated by changing the lattice
of the screened-impurity modéwith a paramete=1 cor- constant inwards or outwards,' respectively.

responding to the assumption of a complete disorder. The 1hesé two minima explain the Invar effect of fcc
exchange and correlation potential of Vosko, Wilk, and &P« a]loys around_x=0.75 at least qualitatively in the
Nusairt® was employed. The total energy was calculated withSEnse as it was first d|scuss_ed by Wefsghe effgct oceurs

an accuracy of 10° mRyd. for a magnetic alloy for which the nonmagnetic minimum

The calculations can be carried out in two ways, depend?ith @ small lattice constanfor a minimum with a small

ing on the treatment of the spin splitting and magnetic mO_momen) is only slightly above the magnetic solution with a

ments: (i) the standard procedure in which both the Spinlarge lattice constant. By increasing the temperature the local

splitting and the average alloy magnetic moment are result@inimum with small lattice constant can be populated by
of the calculation, andii) the fixed spin momentFSM) thermal fluctuations, which counteracts the usual thermal ex-

method’ in which the magnetic moment is fixed and the Spinpansion due to lattice vibra'ltion.s.. In fact', alregdy a close
splitting is determined in the self-consistent calculation, usu€ighborhood of the magnetic minimum will be disturbed by
ally by introducing two different Fermi levels for spin-up the second, nearly degenerate solution such that the absolute

and for spin-down electrons. The FSM method is more suitYalue of the third derivativel’E y/da’ at the minimum be-

able as it allows for direct determination of the total energycomes smaller. That gives rise to a small value of thencru

E.(a,m) as a function of the lattice constaatand of the ©iS€N constany according to the formufd

magnetic momentm, which is needed in studies of a

moment-volume instability. Both approaches are equivalent

in the sense that for a fixed lattice constant the magnetic

momentm, calculated by the standard approach is the same

as the magnetic momen, for which the FSM total energy We find Grineisen constants of 0.58, 0.05, and 0.92 for three

Ei(@,mo) has its minimum, an&!3"(a,my) =ESqa). iron concentrationg=0.70,0.75, and 0.80 for which the en-
One difference between FRt,_, and FgNi,_, alloys is  ergy contours are shown in Figsia-2(c), respectively.

the amount of relativistic effects in the former system. Due For comparison we show in Fig.(@ also the energy

to the large atomic number of Pt the corresponding states a@ontour of the Fg;Nig 3 Invar alloy. Our result coincides

contracted in comparison with a nonrelativistic calculation. Itwith former calculationg:® Besides the general similarity be-

is illustrated in Fig. 1, where we compare a nonrelativistictween both compounds one may observe that the two minima

and a scalar relativistic total energy of zgPt; 5o alloy. The  are better separated for FePt Invar alloys than for the FeNi

calculations were done for a decreasing series of lattice corsystem. Two minima are separated by a barrier of 2.1 mRyd

stants, and the results of the previous calculation were used Fe&, 74Pt o5 alloy, while the barrier height in ledNig 30 is

as an input for the next one. In this way we have achievednly 1.1 mRyd.

that the solution with a high magnetic moment remained Besides the Invar region we investigated also fcc

stable up to 6.8 or 6.7 Bohr units in the nonrelativistic orFgPt;_, alloys in the whole concentration range. For

scalar relativistic case, respectively. A contraction of the lat=>0.85 the fcc phase is clearly unstable experimentally and

ag Efg
=—1-—
Y 6 EH

tot
)



PRB 58 INVAR BEHAVIOR OF DISORDERED fcc FgPt_, ALLOYS 4343

25

2.0
@ @
=2 =
5 5 15 ¢
E IS
[=] [=]
£ E
L ©
® © 1.0
= c
o (=2
© ©
E £
0.5
. 0.0 !
6.6 6.7 6.8 6.9 7.0 74 6.6 6.7 6.8 6.9 7.0 71
lattice constant (bohr) lattice constant (bohr)
25
2.0
@ ‘@
2 2
5 15 | 5
g ;
£ £
Lo o
@ 10 ¥ k)
€ E
05 §
0.0 } I
6.6 6.7 6.8 6.9 7.0 71 6.4 6.5 6.6 6.7 6.8 6.9
lattice constant (bohr) lattice constant (bohr)

FIG. 2. Contour plots ofEy(a,m) for (&) Fey7Pl30, (b) Fe&y7Ph 25, (C) FeygPlyoo, and(d) FeysNigse. The energy difference
between neighboring isolines is 0.5 mRyd.

we carried out no calculation. For concentrations up to 75 at. IV. DISCUSSION AND CONCLUSION
% of iron we find a magnetic solution. With the help of
polynomial interpolation, we can calculate the equilibrium
value of the lattice constaal), the bulk modulu$3, and the

Let us first compare the theoretical result@able ) with
available experimental data. In general, the coincidence is

. i . X not bad. The theoretical lattice constants in the Invar region
magnetic moment, which are given in Table I. For the two : :
are slightly smaller than the experimental ones. Note, how-

concentrationsx=0.8 and 0.85, the nonmagnetic curve is . . )
the lower one. This leads to a discontinuity in the depen—ever’ that for pure Pt our calculation gives a slightly larger

dence of bulk modulus and lattice constant on concentration. TABLE I. Lattice constangy, in atomic units(@.u) and in A (in
parenthesgs bulk modulusB, and magnetizatiom of disordered
fcc FePt,_, alloys at several iron concentratiors

40

0 | ° ] ag/a.u.@g/A) B/Mbar M/ tgonr
3 X Theory Expt® Theory Expt® Theory Expt?
oy ©
~E; 20 | . 0.00 7.48(3.96 7.41(3.92 270 2.83 0.00 0.00
g': 0.10 7.41(3.92 7.37(3.90 2.97 0.49 0.3&80.05
_f'—; ol i 0.20 7.33(3.89 7.35(3.89 3.05 0.81 0.8&:0.05
= 0.30 7.24(3.83 7.31(3.89 3.00 1.06 1.020.05
0.40 7.16(3.79 7.28(3.85 2.81 1.28 1.3%0.05
or i 0.50 7.09(3.75 7.22(3.82 2.64 1.48 1.480.05
6'.4 6'.6 el.s 7'.0 7'.2 7'.4 76 0.60 7.01(3.7) 7.16(3.79 2.48 1.65 1.750.05
) 0.65 6.97(3.69 2.39 1.72
lattice constant {bohr)
0.70 6.93(3.67) 7.11(3.769 2.28 1.78 2.0&:0.05
FIG. 3. Total energyE(a) of high-moment and zero-moment 0.75 6.90(3.65 7.05(3.73 2.11 195 1.81 2.020.05
solutions for Fg,Pt 5. The different solutions have been found 0.80 6.69(3.54) 3.36 0.00
by changing the lattice constant inwar@ifled circles or outwards  0.85 6.64(3.51) 3.35 0.00

(big open circley respectively. The absolute minimum of the en-
ergy has been set to zero, and the lines result from polynomiaiFrom Fig. 92 of Ref. 2.
interpolation. bFrom Ref. 20.
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value than experiment, which is a well-known feature of sca-calculations for ordered and disordered phases, and with ex-
lar relativistic calculatiorfs'® for heavier elements. The cal- perimental data. The only exception is the ordered phase
culated as well as measured magnetic moments increase willePt, which is antiferromagnetic, in contrast to the disor-
iron content according to the Slater-Pauling curve. There argered phase, which is ferromagnetic. In the present work we
some deviations between experimental and theoretical MGyave 5|mp|y assumed a ferromagnetic Spin a|ignment in
ments: the theoretical values are too low in the Invar regiorhgreement with the experimental situation. At Invar compo-
and too large at small iron concentration. Consequently, aijtion (FePt) the disorder has two effect§) the low-spin
least part of the discrepancies can be ascribed to the devighase of the ordered FRt goes over into a zero-spin phase,
tions in the lattice parameter. Unfortunately, there are onlyand(ji) the energy difference between the high-spin and low-

few eXperimental results for the bulk mOdUIUS, but theyspin (Zero_spiﬂ phases d|m|n|she[sfr0m 1.2 mRyd(Ref 6)
agree quite well with our calculation. It would be interestingto 0.7 mRyd.

if the theoretica”y predicted maximum of the bulk modulus In Conc|usion, we have found two energy minima in the

at around 20 at. % iron could be confirmed experimentally.|nyar region of disordered FePt alloys that are better sepa-
The present CPA calculations for FePt agree better withated than for FeNi. This could explain at least some differ-

experiment than similar calculations for FeNiThe prob-  ences in the behavior of FePt and FeNi Invar alloys, but it

lem with FSM-CPA calculations occurs for FeNi, where the does not explain all of them. One can speculate that a simple

deviations from the Slater-Pauling curve cannot be reproferromagnetic spin alignment assumed in our calculations is

duced. Our calculations confirm those insufficiencies in th%ot sufficient for a Comp|ete answer as it was discussed

FeNi case. We find smaller critical concentration for FeNirecently!*?:

(72% iron than for FePt(76%), a tendency that is known

from the experimental dafaOur calculations yield higher

barrier betvv_een two minima for EePt than for_FeNi. This fact ACKNOWLEDGMENTS
could explain some differences in the behavior of these two
systems. The authors thank the University of Technology in Dres-
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