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Robust half metalicity in Fe ,Co;_,S,
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The FgCo, _,S, system is predicted, on the basis of density functional calculations, to be a half
metal for a wide concentration range. Unlike most known half metals, the half metalicity in this
system is expected to be very stable with respect to crystallographic disorder and other types of
defects. [S0003-695(00)04445-4

Half metals(HMs), i.e., metals in one spin channel and At larger x, M decreases te=0.85 u.° Starting from
insulators in the other, are attracting substantial interest re€0S,, one can also substitute S with Se. The Curie tempera-
cently, mostly because of potential application in spintronicdure rapidly decreases, and magnetism disappears at Se con-
devices like spin valves.A few dozen various materials centration of 10%—12%, whilé1 decreases only slightfy.
have been predicted to be HM on the basis of band structur8t larger concentrations, the material shows metamagnetic
calculations, but hardly any have been convincingly con-behavior with no sizable spontaneous magnetization, but
firmed to be such by an experiment. A possible exception igvith magnetization of 0.82-0.8%.5 appearing abruptly
CrO, where a spin polarization of up to 95% was measuredvhen applied magnetic field in tesla exceeds approximately
by the Andreev reflection techniqtién some other materi- (22se—25) T. Very similar behavior was observed in pure
als there is indirect evidence, such as integer magnetic md=0S under pressurgsuggesting that the magnetic effect of
ment or optical spectra consistent with half metallic bands Se is just reducing the density of stat&09). Further sub-
The usual explanation of such a discrepancy between thelitution of Co by Ni leads to a Mott—Hubbard transition,
theory and the experiment is that half metalicity in thesewhich, in contrast to the system considered here, is poorly
materials is very sensitive to crystallographic disorder andlescribed by the local spin density approximati@$DA).
stoichiometry(see, e.g., Ref.)3 Indeed, no materials have Further doping by Cu leads to a superconductivity, presum-
been calculated to be HM in a wide range of concentration@bly due to high-energy sulfur vibrofis.

of the constituents, and insensitive to disorder. To understand better the behavior of the, F€a,S,
In this letter, we predict that the pyrite alloys System, we performed several series of density functional

Fe,.CoS, are HM for most of concentrations (0.25% LSDA calculations: First, virtual crystal approximation
=0.9, at least and not sensitive to ordering of Fe and Co in (VCA) was used in COleU”CtiO” with the linear muffin tin
the metal sublattice. The reason for such robustness witfPital (LMTO) method.” Then, we did several calculations

respect to crystallographic disorder is that the half metalicitSing rhombohedral supercells of 4 or 8 formula units. Fi-

in this compound is not due to some fine tuning of the bandﬁ'a”y' we checked the results against fgll-pl()tential linear-
structure, but to the competion between the kingtiang ~ 2ugmented plane-waveLAPW) caI_cuIauoné r:‘or purle
energy, and StoneiHund) interaction, both relatively inde- % FeC@Ss, and (Fg»C79S, in VCA. The results
pendent on the details of the band structure were consistent with the LMTO calculations. All calcula-

Experimentally, the system of pyrite solid solutions, tions were performed in the experimental crystal structure of

(Fe,Co,Ni,Cu,ZinS,Se,, is amazingly rich, despite the fact CoS. In reality, the S-S bond in FgSs 4% longer. The

that all these materials form in the same crystal structurgffeCt on the band structure IS _not negligible, partlcular_ly
. . . . near the bottom of the conductivity band. However, the dif-
with relatively small changes in the only internal parameter

the S—S bond length. Fe$ a nonmagnetic semiconductor, ference is not important for the half m_etahmty of
. ) . . Fe,_,CaS, alloys, and understanding the basic physics of
in agreement with the band-structure calculatibn®vith as . : ) :
. . . its magnetic phase diagram. The results of the calculations
little as 0.1% Co, by some datat becomes a ferromagnetic . g .

; . are summarized in Fig. 1. In good agreement with the ex-
metal, and remains ferromagnetic all the way through oS eriment, the magnetic moment per Co is exactiygl for
and further on until approximately @eNig 1S, . It was noted P . g P B

that th fi - Co at in Fe .C 0.3=x=0.9. This is true for both virtual crystal and super-
at the magnetic momeril per ©.o atom In £ OXSZ cell calculationgFig. 1), demonstrating stability of the HM
solid solutions stays close to &g in an extremely wide

state with respect to crystallographic disorder. We performed
range from x~0.1-0.2 tox=0.9-0.95. In the original P y Jrap P

calculations for ordered F€0Sg, Fe;CoS, FeCoS, and
paper® this was interpreted as extreme localization of mag €05, FCO%y 3

) ) ; i FeCaS;, and found that already the former compouhd.,
netic moment on Co, with the nonmagnetic FeSatrix. The x=0.125) has magnetization of dg per Co. Although the

same interpretation was used in a number of subsequent Pgigina| papet implied that this magnetic moment resides on
pers, although it was noted alsthat half metalicity is an- Co, this is not true: for instance, in f@0S; less than 30%

other possibility. of total magnetizatiori0.45 ug) resides on Co. The nearest-
neighbor Fe(6 per cel) carry ~0.15 ug each. 8% of the
3Electronic mail: mazin@dave.nrl.navy.mil total moment resides on S, about the same relative amount as
3000
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FIG. 1. Experimental and calculated magnetization in_E€q,S, alloys.
VCA: virtual crystal approximation; s/cell: supercell calculations. Experi-
mental data are from Ref. 6.

in CoS,.*2 Therefore, one cannot view the low-doping
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FIG. 2. Density of states fquaramagneticCoS,, calculated by the LAPW
method.E—Eg=0.35 eV corresponds to geNig 1S, in the rigid-band ap-
proximation.

spondingly, with doping the material remains paramagnetic
until x reaches; = (20B/91)%/4. Then, the magnetic moment
gradually grows until it reachesg/Co at the concentration

Fe-CaS, alloys as magnetic Co ions embedded in thex2=(SB/3I)3. At larger dopings the material remains half

nonmagnetic FeShbackground.
To understand the physics of this alloy, let us start with
FeS. FeS is a nonmagnetic semiconductor with a gap be
tween thet,, ande, states’® The reason for this is that the
sulphur forms $ molecules with theppo states split into a
bonding and an antibonding state. The latter is slightly abov
the Feey states, and thus empty. The other p States are
below the Fet,, states, hence, the occupation of the d-e
bands is 6, just enough to fill the narrdyy band. Magne-
tizing FeS would require transfer of electrons from t
into the e; band, at an energy cost of the band giaper
electron. The Stoner parametkrwhich characterizes the
gain of Hund energy per one electron transferred from th

smaller thanA=~0.75 eV!® However, if we populate the
same band structure witk<1 additional electrons per for-

two spin subband, or plac€ in the spin majority band and
x"=x—x" in the spin-majority bandthe total magnetic mo-
ment inug is thenM =x"—x"). In the latter case, we gain a
Hund energy of—IM?/4, but we lose some kinetithand-
structure energy because some states have only single occ
pancy and thus more high-energy states have to be occupi
This energy loss can be computed in a manner entirel
analogous to the classical Tomas—Fermi calculdtfofihe
result is AE=—IM?/4+B[(x")%3+ (x")%%], where B

= 3#2/10m* (3/4wV)?? andm* is the effective mass in the
conductivity band, and/ is the volume per formula unit.

This can be conveniently expressed in terms of the relativ

magnetization3= M/x:
AE(B) = —IX?B14+B(x/2)*F (1+ B)**+ (1~ B)>"].
Minimizing this with respect tg3 one finds:
B=AL(L+B)*°~ (1~ B)?Ix*",
A=5B/312%3,

The solution is a universal functioB(A/xY3). Note that
B(p)=0 for p>3/4, and B(p)=1 for p<1/2?". Corre-

metallic with 8=1. Eventually, DOS starts to deviate from
the effective-mass model and the polarizat®may become
smaller than 1 again. One can estimate the critical concen-
trations x, , using the following values, extracted from the
band-structure calculations for FeSm*~0.8, 1~0.55 eV.

Shis givesx;~0.16 andx,~0.26, in qualitative agreement

with Fig. 2.

This explains the on-the-first-glance unexpected result
that unlike most known half metals Fg Ca,S, remains a
HM for a large range of concentrations, is insensitive to crys-
tallographic disordet® and probably not very sensitive to the
state of the surface either: the behavior qualitatively de-

L . . %cribed by the universal functiof above is determined by
spin-minority into the spin-majority band, appears to be

the competition of two large energies: The band gap
which is a measure of crystal-field splitting, and the Stoner
factor I, a measure of the Hund coupling. As long &% |

%ndxl<1 a large region of half metalicity exists. Both con-

ditions are related primarily to the atomic characteristic of
constituents and gross features of the crystal structure, and
are not sensitive to details.

The same competition between the band energy and the
stoner energy leads to very different magnetic properties in
'e case of stoichiometric CoSand of Co$ doped with Ni
)(x>1 region in Fig. 1. The experimental magnetization in
CoS, is 0.85-0.9ug, in perfect agreement with full poten-
tial LAPW calculations, and in reasonable agreement with
LMTO results. External pressure, or substituting S by Se,
rapidly reduces magnetizatiénAs shown in Ref. 16, Se
%Ioping increases the width of the conductivity bahdcause
the Se dimer has smalleppo splitting than $ and, there-
fore, the Coe, states are better aligned with the chalcogen
ppo* state$. Thus, Se doping has the same effect as exter-
nal pressure. Doping with Ni has a similar effect and con-
centrations of Ni of the order of 10% make the system non-
magnetic. The large magnetic moment of Ge8ggests that
the ferromagnetism in this system is robust and the fact that
it disappears so rapidly with pressure and doping is puzzling.

On the other hand, this effect is correctly reproduced by
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regular LSDA calculationgcf. Fig. 1 atx>1, and Ref. 1& 1G. A. Prinz, Scienc@82, 1660(1998.

This tells us that it has to find its explanation in the pecu- ’R.J. Soulen, J. M. Byers, M. C. Osofsky, B. Nadgorny, T. Ambrose, S. F.
liarities of the electronic structure of this compound. Indeed, ;::;r;g,;.g. gg"eussgi‘zngégzna‘g E; Nowak, J. S. Moodera, A. Barry,
fixed m_agnetif: moment Calcmation,s at different Pressuressp, Oréas.sa,.H. Fu)J{i’wara, T.C. Schulthes-s, and W. H. Butler, Phys. Rev. B
and their detailed analysigo be published elsewhershow 60, 13237(1999.

that the rapid disappearence of magnetism in this system, a&v. Eyert, K. H. Hock, S. Fiechter, and H. Tributsch, Phys. Rev5B
well as its metamagnetic behavior, can be traced down to %6350(1998). _ _

specific structure of DOS, mostly the sharp peak just below ;n?jprae?;é:éeioﬁggr']k' and H. Eschrig, Phys. Rev6® 14035(1999),

the Fermi ener.gy. We wil 0”'Y mention here that no't. only H. S. Jarret, W. H. Clolud, R. J. Bouchard, S. R. Butler, C. G. Frederick,
do the calculations yield a rapid decrease of the equilibrium anq 3. L. Gillson, Phys. Rev. Le®6, 617 (1969.

magnetic moment with pressure, they also predict a notice/G. L. Zhao, J. Callaway, and M. Hayashibara, Phys. Revi8815781
able increaseof M at negativepressure. An expansion of  (1993; S. K. Kwon, S. J. Youn, and B. |. Min, Phys. Rev. @, 357
3%—4% in volume increases the calculated moment to nearly, (2299

) ) . . T. Goto, Y. Shindo, H. Takahashi, and S. O , Phys. Ré86,84019
1 ug. This suggests that the spin fluctuations at high tem- (199330 ndo axanhashi, an gawa, Fhys

perature(aboveTc) may have larger amplitude than th? Or- 9cus, has considerable density of states at the Fermi level, 1 st/eV spin
dered moments at zero temperature, a very unusual situatiort.u., and substantial electron—phonon interaction with high-frequency S

in magnetic metals. This kind of behavior has also been vibrons. Our calculations for CySvill be published elsewhere. Note also
Observed‘,7 and discussed in the literatut®Yet another im- that a very large electronic specific heat coefficient of 19.5 mJ/mel#s
portant observation from these calculations is that the posi- reported[S. Waki and S. Ogawa, J. Phys. Soc. JBa, 284 (1972],
tion of the chalcogernp bands strongly depends on the correspo.ndir?g to a renormalizat.ion {2\)~3. Of course, part. of this.
chalcogen—chalcogen bond Iength, and, in turn, Substamia”yrenormahzauon should be coming from electron—magnon interaction,

. L. . similar to, say, SrRu®[c.f., e.g., I. I. Mazin and D. J. Singh, Phys. Rev.
affects the width of the conductivity band. This suggests 56, 2556(1999)].

strong magnetoelastic coupling. 0The Stuttgart package LMTO-TB 4.(http://www.mpi-stuttgart. npg.de/
To summarize, our most important conclusions are: ANDERSEN/LMTODOC/LMTODOC.html was employed. Six auto-
(1) The Fg_,Cq,S, alloy is predicted to be a half metal — matically generated empty spheres were used per formula unit, and the
in a |arge range of concentrations. Unlike most other known result agreed reasonably well with the full-potential calculatiretter
half tal d . tantly for th licati th than the alternative setup recommended in Rgf. 4
all- me a.s,. and very importan y_ or the applications, ellThe WIEN-97 package was uséB. Blaha, K. Schwarz, and J. Luitz,
half metalicity should be robust with respect to defects and vienna university of Technology, 1997: improved and updated version of
crystallographic disorder. the code, P. Blaha, K. Schwarz, and P. Sorantin, Comput. Phys. Commun.
(2) CoS is an itinerant ferromagnet. The Fermi level sits 1259, 399(1990). . _
on a steep slope of the density of states. As a result, despiteNotlceable magnetlzatlpn on S has been confirmed experimentally
. . . .. Ohsawa, Y. Yamaguchi, H. Watanabe, and H. Itoh, J. Phys. Soc40pn.
a Iarge magnetic moment, ferromagnetlsm dlsappears ea3|ly992 (1976]
by a first-order(*metamagnetic’) transition when DOS iS  13ror the conductivity band in FeS due to hybridization with SJ is
reduced by Ni doping, by pressure, or by Se dofifithe smaller than in pure Fe and i80.55 eV.
structure of the density of states also manifests itself via affN. H. March, in:Theory of the Inhomogeneous Electron Gedited by S.

unusual temperature dependence of the amplitude of mag-l-undquist and N. H. MarciiPlenum, New York, 1983
netic fluctuations SWhile we did not formally perform any disordered calculation like in Ref.

(3) There is strong coupling between electronic, lattice 3, it is clear that in our case it would not change any conclusion: the fact
g pling ! ' that various supercell calculations and virtual crystal approximations all

and magnet_ic degrees of freedom in @OmtereSting trans- _produce a sizable energy gap in the minority chartaeti no states in the
port properties are to be expected at and near this composi-gap proves that more sophisticated treatment of disorder would have
tion. added finite lifetime to the one-electron states, but would not destroy the
; ; ; ; half metalicity in the way it does in Heusler alloysee Ref.
For such a rich and interesting system, the @yrites |, y y _ yse 3
.. . . . . H. Yamada, K. Terao, and M. Aoki, J. Magn. Magn. Mat&r.7, 607
seem to be surprisingly little studied either experimentally or (1098
theo'retic':ally. Hopefully this letter will encourage further in- 17y |noue and H. Yasuoka, Solid State Commag, 341 (1979.
vestigations. 183, Ogawa, J. Magn. Magn. Mate31-34 269 (1983.
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