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Critical behavior of disordered fcc Fe70Pt30 alloy under high pressure

Sergii Khmelevskyi and Peter Mohn
Center for Computational Material Science, Vienna University of Technology, Vienna, Austria

~Received 21 July 2003; published 10 December 2003!

Employing the disordered local moment formalism in combination with a first-principles tight-binding linear
muffin-tin orbital method we find that in disordered fcc Fe70Pt30 alloy the effective magnetic interaction
changes from ferromagnetic to antiferromagnetic as the lattice constant is reduced from its equilibrium value
at ambient pressure. This result explains recent experiments on this alloy that have claimed an appearance of
the new magnetic spin-glass phase under high pressure. The value of the volume where the change in the
magnetic interaction occurs is just slightly higher than the critical volume at which Fe70Pt30 becomes nonmag-
netic, suggesting that under applied pressure the system exhibits two types of magnetic critical points. A
comparison of our results with earlier theoretical studies of the fcc Fe-Ni Invar alloys reveals a similarity
between the high-pressure magnetic state of Fe70Pt30 and the magnetic ground state of the Fe-Ni alloys at
ambient pressure.

DOI: 10.1103/PhysRevB.68.214412 PACS number~s!: 75.50.Bb, 71.20.Be, 71.23.2k, 75.30.2m
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Face-centered-cubic~fcc! Fe-Ni and Fe-Pt alloys have a
tracted special interest in solid-state physics since they s
anomalously low thermal expansion~Invar effect! in a cer-
tain range of chemical concentration.1 This anomaly is asso
ciated with a large negative value of the spontaneous volu
magnetostriction compensating the thermal expansion du
the anharmonicity of the lattice vibrations. Although bo
Fe-Pt and Fe-Ni alloys have very similar magnetovolu
properties, they have many dissimilarities in their physi
properties detected experimentally as well as theoretic
The Fe-Ni Invar alloys are weak unsaturated ferromagnet
contrast to Fe-Pt Invar alloys, which are stro
ferromagnets.1 In addition it has been found that at low tem
perature Fe-Ni Invar alloys show a transition into
spin-glass2 state@reentrant spin glass~RSG!#, which does not
occur for Fe-Pt at ambient pressure.Ab initio supercell simu-
lations of the Fe65Ni35 alloy3 indeed show that the magnet
ground state in this alloy consists of noncollinear spin c
figurations. Later the existence of these noncollinear m
netic configurations with lower total energies and equil
rium volumes than the collinear ferromagnetic~FM! state
was linked to the occurrence of the Invar effects in Fe-N4

The existence of the RSG state at low temperature as we
the stabilization of the noncollinear magnetic state in
supercell calculations is believed to be due to the str
competition between ferromagnetic and antiferromagn
~AF! intersite interactions in disordered Fe-Ni alloys. An a
ternative way of looking at this phenomenon is to employ
disordered local moment~DLM ! formalism as formulated in
the framework of the density functional theory by Gyorf
et al.5 Already earlier, Akai and Dederichs6 have reported
that for Fe-Ni, in the regime of Fe-rich Invar composition
the DLM state has a lower total energy than the ferrom
netic state, suggesting that the ferromagnetic state is uns
at T50 K with respect to the formation of magnetic disord
Despite the fact that this approach ignores short-range o
effects and possible noncollinear spin alignments, it howe
yields the same result as a supercell approach—namely,
the effective antiferromagnetic interaction leads to instabi
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of the ferromagnetic state in Fe-Ni Invar alloys. An extens
discussion of the competing antiferromagnetic and ferrom
netic interactions in Fe-Ni alloys, also taking into the a
count possible effects of partial chemical ordering, can
found in a recent paper by Crisanet al.7 In the case of a
system with fairly localized moments like Gd the total e
ergy difference between the FM and AF-DLM states allo
us to analyze the resulting effective interaction in terms o
Heisenberg type Hamiltonian.8 In the case of Fe-Pt the mag
netic moments are far from being independent of the m
netic state so that such a detailed analysis becomes imp
tical. However, even in the present case the energy differe
provides information about the effective average interact
between the magnetic moments at the different sites.

In contrast to Fe-Ni, in Fe-Pt Invar alloys a collinear fe
romagnetic state is stable down to very low temperatures
that no experimental as well as theoretical evidence of
spin-glass or noncollinear~and antiferromagnetic! magnetic
behavior at ambient pressure has been found. Moreover
have shown recently9 that for disordered Fe-Pt a fully quan
titative account of the large spontaneous magnetostric
leading to the Invar effect and its dependence on the che
cal concentration can be given on the basis of the conv
tional collinear DLM approach. It was found that in the
alloys the DLM state has an energy well above the FM st
and that the difference in their equilibrium volumes is in fa
agreement with the experimental values of the spontane
volume magnetostriction. Here we show that if the latti
constant decreases further towards the critical point wh
the Fe magnetic moment collapses, we find a region wh
the DLM state becomes more stable than the FM state, i
cating that at these high pressures the situation in Fe-P
loys is very similar to that found in Fe-Ni~Ref. 6! at ambient
pressure. Our present investigation is also stimulated by
cent experiments,10 which have reported a low-temperatu
magnetic phase in disordered Fe70Pt30 under high pressure~7
GPa!. It has been claimed that this state is a RSG state s
lar to that in Fe-Ni alloys at low temperature. We find th
our theoretical results confirm this observation. It is intere
©2003 The American Physical Society12-1
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ing to note that our calculations show that close to
pressure-induced quantum critical point the behavior of d
ordered Fe70Pt30 follows a scenario theoretically predicted b
Pinski et al.11 for the pureg-Fe. This scenario is rather dif
ferent from those of usual weak ferromagnets since
Fe70Pt30 for a lattice constant larger than the critical one
antiferromagnetic state is stabilized with respect to ferrom
netic order. Chemical disorder and natural frustration of
fcc lattice lead to the formation of the spin-glass state at
temperatures. Thus Fe70Pt30 has essentially two critica
points under applied pressure, marking the sequence o
transitions FM-AFM-NM~nonmagnetic state!.

We base our investigations on application of the a
electron self-consistent tight-binding linear muffin-tin orbit
~TB-LMTO! method within the atomic-spher
approximation12 ~ASA! combined with the coherent potenti
approximation13 ~CPA!. The effects of exchange and corr
lation are treated within the framework of the local-sp
density approximation using the parametrization by Vos
et al.14 The integration in reciprocal space has been car
out using 770 k points in the irreducible wedge of the f
Brillouin zone, which ensures an accuracy of the total ene
better than 1025Ry. The idea of the DLM formalism5 is to
represent magnetic disorder within the CPA by treating
binary FecPt12c alloy as a pseudoternary allo
Fec2x

1Fex
2Pt12c where c2x5n1 is the concentration o

Fe atoms with up-spin Fe1 andx5n2 of those with down-
spin Fe2. The case ofx50 describes a ferromagnetic sol
tion, whilex5c/2 represents an antiferromagnetic state~AF-
DLM ! with spin-up and spin-down local momen
equipartitionally distributed on the Fe sites. The volumes
the Wigner-Seitz spheres are set to be equal for all atom

Figure 1 shows the calculated total energies as functio
atomic Wigner-Seitz radiusRws for FM, AF-DLM, and NM
states of Fe70Pt30 (Vatom54p/3 Rws

3 ). The ground state is
ferromagnetic, and NM and AF-DLM states have mu
higher total energies than the FM state at the equilibri
value of Rws52.786 bohrs. As we have shown earlier,8 a
relatively large difference in volumes provided by th
minima of the total energy curves for FM and AF-DLM
states is related to a large spontaneous volume magneto

FIG. 1. Total energy as a function of the volume given in ter
of the Wigner-Seitz radius. NM: nonmagnetic. FM: ferromagne
DLM: disordered local moment.
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tion and represents a prerequisite for the Invar anomaly
this alloy. The values of the energies of the partial~uncom-
pensated AF! DLM states with 0,n2/n1,1 ~not shown in
Fig. 1! are in between of those for the FM and AF-DLM
states. It can be seen in upper panel of Fig. 2 where we
the energy difference between DLM states and respec
FM state for varying lattice constant, which as the latti
constant decreases the energy difference between the FM
AF-DLM states continuously vanishes~This is also true for
the difference between the FM and NM states, as seen in
1!. It is of course most interesting to examine what happ
in the critical volume region 2.58R,Rws,2.63 bohrs~lower
panel of Fig. 2! where these curves become energetica
almost degenerate. It can be seen that character of the cu
is changed with decreasingRws : at larger lattice constant
the total energy monotonically increases with increasing
gree of magnetic disorder, but at aboutRws52.63 bohrs it
shows a maximum at some partial DLM state. At the critic
valueRws'2.625 bohrs the AF-DLM state becomes lower
energy than the FM state and the FM-AF transition at t
point is of first order since the partial uncompensated DL
states are always higher in energy than the FM or AF-DL
states. Thus, in agreement with experiment,9 our calculations
predict stabilization of a new low-temperature magne
phase in Fe70Pt30 under applied pressure. A further reductio
of the volume leads to a further stabilization of the AF-DL
state with respect to ferromagnetic order up toRws
'2.615 bohrs where the nonmagnetic state becomes st

s
.

FIG. 2. Total energy differences with respect to the ferrom
netic state for various volumes as a function ofn2/n1 ~for details
see text!.
2-2
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This transition corresponds to the point where FM and N
total energy curves merge~Fig. 1!. It is interesting to note
that if we would not allow for the antiferromagnetic sol
tions the transition from the FM to the NM state would be
first order since Fe abruptly loses its moment of ab
1.9mB /atom, which has indeed been predicted by ear
fixed-spin-moment calculations for disordered15 and
ordered16 Fe-Pt alloys where only ferromagnetic solutio
have been considered. However, the ground state of the
tem is not FM anymore at this volume and it approache
quantum critical point with increasing pressure with grad
ally decreasing magnetic moment in the AF-DLM state un
just below Rws'2.59 bohrs it becomes nonmagnetic~lines
with open symbols in Fig. 2!. The transition from the AF-
DLM to the NM state as the lattice constant decreases i
second order, since the AF-DLM state loses its magnetic
ment continuously.

At the equilibrium lattice constant Fe70Pt30 is a strong
ferromagnet with a calculated local moment on Fe
2.7mB . As the lattice constant decreases under applied p
sure, the Fe moment decreases to about 1.9mB for Rws
'2.615 bohrs where it suddenly drops to zero. In the A
DLM state the Fe moment decreases gradually from 2.4mB
at equilibrium volume and becomes zero atRws
'2.59 bohrs. In Fig. 3 we plot the calculated Fe mome
for Rws'2.605 bohrs, which is in the middle of the critic

FIG. 3. Magnetic moment per Fe atRws52.605 bohrs for vari-
ous DLM states. Quantities shown: moment of Fe1 ~squares!, mo-
ment of Fe2 ~circles!, and total moment~triangles!.
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region. The moment in the AF-DLM state, which has t
lowest total energy at this volume~see Fig. 2!, is 1.1mB . In
the uncompensated AF~partial! DLM states the large asym
metry in the Fe moments with spin up and spin down can
seen. This asymmetry is clearly due to the antiferromagn
character of the intersite magnetic interactions, which lead
a distribution of moments such that the total magnetizat
tends to vanish. It is interesting to see what happens w
we approach the pure FM state (n2/n150). In the FM state
there is no stable moment on the Fe sites. However, if
allow for few Fe atoms to have opposite spin direction, t
system decreases the total energy by creating a mome
the order 0.8mB on these few sites but compensating it
small antiparallel moments on all other sites. It can be th
be concluded that the existence of two separate metas
minima of the total energy as predicted by fixed-sp
moment calculations15,16 for Fe-Pt alloys, which has bee
believed to be the reason for the Invar anomaly in th
systems, is just an artifact of the ferromagnetic constra
imposed on the system during the calculations. Remov
this spin symmetry constraint revealed that this increase
parameter space transforms one of the total energy min
into a saddle point.

In conclusion we note that the DLM approach predicts
stabilization of the AF magnetic interaction in disorder
Fe70Pt30 alloys at applied pressure. Due to chemical disor
and magnetic frustration of the fcc lattice, it is likely that th
mechanism will lead to the formation of a spin-glass phas
low temperature in agreement with recent high press
experiments.9 To understand the physical nature of this sp
glass phase an application of methods which consider sh
range order effects may be important. In particular, it can
expected that calculations similar to those of van Sch
gaardeet al.4 can detect a stabilization of the noncolline
magnetic ground state at volumes much lower than equ
rium. However, in Fe-Pt it is unlikely that stabilization of th
AF interaction and a possible noncollinearity of the magne
structure under high pressure can be linked to the In
anomaly in these systems, since these critical volumes
not accessible for the system under ambient pressure w
the Invar anomaly occurs.

This work was supported by the Austrian Ministry of Sc
ence~Grant No. GZ 650.758/1-VI/2a/2002!.
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