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Electronic structure of FeCr,S,: Evidence of Coulomb enhanced spin-orbit splitting

Soumyajit Sarkar,! Molly De Raychaudhury,? 1. Dasgupta,® and T. Saha-Dasgupta'-*
IS.N. Bose National Centre for Basic Sciences, Kolkata 700 098, India
2Department of Physics, West Bengal State University, Barasat, Kolkata 700 126, India
3Department of Solid State Physics, Indian Association for the Cultivation of Science, Kolkata 700 032, India
(Received 2 September 2009; revised manuscript received 4 October 2009; published 9 November 2009)

The electronic structure of the spinel compound, FeCr,S,, is studied using density-functional-theory-based
calculations. Our calculations provide a microscopic understanding of the origin of the insulating behavior of
this compound, which turn out to be driven by Coulomb enhanced spin-orbit coupling operative within the
Fe-d manifold. We also investigate the possible role of the structural distortions and compare the calculated

optical property data with that of the experimental one.
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Transition-metal-based spinel compounds, with general
formula AB,X,, are a subject of intense experimental and
theoretical activities.! FeCr,S,4, a member of this family, has
attracted attention since early *70s. The interest in FeCr,S, is
regained due to the recent discovery of large negative mag-
netoresistance (MR).2 The MR effect has been discussed in
the context of nondouble exchangelike model because of the
absence of mixed valency and lack of any strong evidence of
formation of Jahn-Teller (JT) polarons.®> The physical prop-
erties of this compound are rather intriguing. The system is
insulating above the magnetic transition temperature
~180 K, signaled by the disappearance of the ferrimagnetic
coupling between Fe?* and Cr** ions and also below 150 K
where the magnetic order persists, while in the intermediate
range (150-180 K) it is metallic.>? Though there have been
several experimental studies on this compound, the activities
on theoretical front have been minimal, except for the initial
calculation* by Park et al.

In this Rapid Communication, we report a detailed
density-functional theory (DFT) study of the electronic struc-
ture of this material. Our study sheds light on the micro-
scopic mechanism of the insulating solution at the low-
temperature phase, unraveling the role of Coulomb-enhanced
spin-orbit (SO) coupling. We also discuss the possible role of
the structural distortion and compare the calculated reflectiv-
ity spectrum with that of the measured data. The calculations
have been carried out within the frame work of linear aug-
mented plane-wave (LAPW) basis with no shape approxima-
tion to the potential and charge density as implemented in
WIEN2K code.’ The number of plane waves is restricted using
the criteria muffin-tin radius multiplied by k,,,, yielding a
value of 7. The total Brillouin zone (BZ) was sampled with
256 k points for self consistent calculations and 404 k points
for optical calculations.

Figure 1 shows spin-polarized density of states of
FeCr,S,, considering the experimentally measured cubic

Fd3m space group with crystal structure parameters as
a=9.99 A and u,=0.384.* The calculation has been carried
out with the generalized gradient approximation (GGA) by
Perdew, Bruke, and Ernzerhof’ for exchange-correlation
functional. The deviation of S position from the ideal value
of 0.375 introduces trigonal distortion at CrSq octahedra in
terms of two distinct S-S bond lengths of 3.28 and 3.54 A.
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The FeS, tetrahedron unit in the Fd3m space group on the
other hand is ideal. The octahedral crystal-field surrounding
Cr atom splits the Cr-d levels into low-lying f,, and high-
lying e, blocks with some mixing between the two due to
nonzero trigonal distortion, while the tetrahedral crystal-field
surrounding Fe atom splits the Fe-d levels in low-lying e and
high-lying 7, blocks. The Crd levels are unoccupied in
down-spin channel with Cr1,, states occupied in up-spin
channel. The Fe d levels are completely occupied in down-
spin channel with partially filled e block in up-spin channel.
This confirms the nominal 3+ and 2+ valency of Cr and Fe,
respectively. The superexchange interaction between half-
filled Crt,, states and half-filled Fe d states gives rise to
antiferromagnetic coupling between Cr and Fe, while the su-
perexchange interaction between empty Cr e, states and par-
tially filled Fe levels gives rise to ferromagnetic coupling
between Cr and Fe. The former wins giving rise to net anti-
ferromagnetic coupling between Cr and Fe with magnetic
moments at Cr and Fe sites 2.75 and —3.14up, respectively,
and a total magnetic moment of 2up/f.u. The energy levels
of Fe and Cr, taking into account the S covalency, are shown
in the right panel of Fig. 1. The crystal-field splitting at the
Fe site is found to be smaller than the spin splitting, while at
the Cr site they are found to be comparable. Energetically the
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FIG. 1. (Color online) Left panel: spin-polarized partial density
of states calculated within GGA. Fe-d states, Cr-d states, and S-p
states are presented by solid black lines, broken gray (red) lines and
filled light gray (green) areas, respectively. Energy is plotted with
respect to Fermi energy (Ej). Right panel: the energy levels of Fe
and Cr d levels in eV unit.
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FIG. 2. Band structure in the up-spin channel. Energies are plotted with respect to Er in eV unit. From left to right: band structures
calculated with GGA, GGA+ U, GGA+SO0O, and GGA + U+ SO, respectively. In the GGA+ U, and GGA+ U+SO calculations, the U values
were chosen as Ug,=2.50 eV, Ur=1.50 eV, and Jg.=0.9 eV, J=0.8 eV.

Cr e,-up-spin states are close to Fe d states in the up-spin
channel. This causes significant hybridization between empty
Cre, and Fe d states in the up-spin channel, as has been
pointed out by Brossard et al.® Since the Fe e states in the
up-spin channel are partially filled with one electron and all
the other states are either completely empty or filled, GGA
leads to half-metallic solution in contrast to the insulating
solution, as observed experimentally. Both, missing correla-
tion effect* as well as the JT effect,” have been discussed in
literature to account for this discrepancy. In connection to the
JT effect, it should be remembered that the relevant JT ion
Fe?* is in tetrahedral environment with Fe e states being the
relevant degree of freedom. The JT distortion within the e
manifold which point in between the S ions is expected to be
weak. Furthermore the distortion at A sublattice of a AB,X,
spinel which is a diamond sublattice is found to be much
weaker than B sublattice in general. Recently the role of JT
distortion in the context of spinels in general has been
questioned.! For FeCr,S,, though there are indications of
some structural distortions at low temperature (=60 K),%!0
the nature and existence of this distortion are debated. The
x-ray and neutron-diffraction studies® concluded that the

sample remains in Fd3m symmetry down to a temperature of
4.2 K. However, a recent transmission electron microscopic

studies,!! assigned a noncentrosymmetric F43m space group
to the low-temperature structure. It is to be noted that al-

though the reduction in symmetry from Fd3m to F43m
would give rise to two inequivalent Fe ions in the unit cell, it
will fail to lift the degeneracies within the e block avoiding
the JT distortion. We will return to this point later.

Leaving aside the possible role of structural distortion, we

first studied the electronic structure of FeCr,S, in Fd3m
symmetry considering the influence of various interactions,
as summarized in Fig. 2. The band dispersions of FeCr,S,
along the high-symmetry points of the BZ of the cubic-face-
centered (FCC) lattice in the up-spin channel are shown in
Fig. 2. The band structures of the corresponding down-spin
channel, which have either completely occupied or empty
bands, are not shown. From left to right, the various panels
show the results obtained on the basis of GGA, GGA+U,
GGA+S0O, and GGA+U+SO calculations. The GGA band
structure, which corresponds to the DOS shown in Fig. 1,
exhibits degenerate Fe e bands crossing £ making the sys-

tem metallic. The e bands correspond to the orbitals of sym-
metry 3y?-r? and z2-x? in the global frame of reference. Upon
switching on the missing correlation in GGA, in the form of
GGA+U calculation as shown in the second panel of Fig. 2,
we find the solution still remains metallic with degenerate e
bands crossing the Fermi level. The GGA + U method which
is designed to make the configurations with larger magneti-
zation more favorable is not effective here in a manifold of
degenerate bands involving only one spin channel, though
the double-counting correction remains operative. As a re-
sult, the addition of onsite U enhances the gap between e and
t, blocks of Fe d states compared to GGA results which is
found to increase with increasing value of U, keeping the
structure of degenerate e bands crossing the Fermi level in-
tact. The inclusion of Hubbard U is therefore not effective in
driving the insulating solution, contrary to previous state-
ments in the literature.*'? The third panel shows the results
by inclusion of the spin-orbit coupling. The orbital moments
at Cr and Fe sites are found to be —0.02up and —0.08 wp,
respectively, with orbital moment pointing opposite to the
spin moment for Cr and along for Fe (see Table I). The spin
and orbital moments have the same sign for Fe, but opposite
sign for Cr, due to the fact that the d states of Fe?* are more
than half filled, but those of Cr>* are less than half filled.

The orbital moment at the Cr site is found to be small due
to the d* configuration of Cr. The orbital moment at Fe site
however is large which is surprising since the spin-orbit in-
teraction (SOI) within e levels of Fe comprising of orbital
states that differ by two units of angular momentum
(1,=0, £2) should vanish. This however can happen through
coupling with empty Fe ¢, orbitals. In order to understand the
role of SOI in the Fed manifold, we considered the
Hamiltonian'3 given by

TABLE I. Magnetic moments of Fe and Cr ions in ug.

Fe Cr
Orbital Spin Orbital Spin
moment moment moment moment
GGA -3.135 2.750
GGA+U -3.279 2.720
GGA+SO -0.077 -3.133 -0.024 2.754
GGA+U+SO -0.134 -3.270 -0.026 2.690
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FIG. 3. Upper panel: variation in Fe orbital moment plotted as
function of U applied on Fe site (left panel) and the splitting be-
tween Fe z2—x? and 3y?’—7? levels in eV plotted as function of
angle ¢ (right panel, see text for details). Lower panel: variation in
band gap with U value applied on Fe site.

A

Hgp= )\ﬁz(liz cos(6) + =L, exp™'® sin 0+ —L_ exp'® sin 0)

1 1
2 2
where 6 and ¢ are the zenith and azimuthal angles of the
magnetization direction of the spin moment. We have ne-
glected the coupling between the up and down-spin states
due to SOI as they are energetically separated by 1.5-2 eV.
Expressing the angular parts of the d orbitals in terms of the
spherical harmonics, we find that the SOI introduces cou-
pling between the empty Fe|yz), |xz) states and |z2-x?),
|3y2=r?)  states. The coupling (yz|Hgo|z>=x%) is
xsin @ cos ¢, {(xz|Hgp|z>~x?) is «sin @ sin ¢, and similar de-
pendences are found for the coupling with [3y?—r?) state.
This points to the fact that the coupling and, consequently,
the SOI-induced splitting between Fe 3y’—r? and z>—x?
states are strongest for #=7, i.e., when the spin-quantization
axes is in the xy plane. Considering the onsite energies of
Fe d orbitals as shown in the right panel of Fig. 1 and a
typical value of spin-orbit coupling parameter A=—0.02 eV,
the splitting between Fe 3y?>—72 and z>—x? as a function of
varying ¢ with fixed value of #=7 is shown in the upper
right panel of Fig. 3. This shows the splitting to be strongest
for ¢=0.

This splitting however is not enough to make the system
insulating. The situation changes remarkably upon applica-
tion of GGA+U+SO, as is shown in the last panel of Fig. 2.
This exhibits clear evidence of Coulomb enhanced spin-orbit
splitting as has been recently shown for Sr,RhO, (Ref. 14)
and for double perovskite Ba,NaOsOg.'* For choices of
Ug.=2.50 eV, Ur=1.50 eV, Jg.=0.9 eV, and J,=0.8 eV,
the orbital moment at Fe site is found to be renormalized to
0.13uy and the spin-orbit splitting between Fe 3y*>—r? and
z2—x? opens up a gap of 0.1 eV with z>—x* completely oc-
cupied and 3y’>-7? being completely empty. This leads to
anferro-orbital ordering driven by Coulomb-enhanced spin-
orbit coupling. The size of the gap increases with the in-
crease of U at Fe site since double-counting correction
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FIG. 4. Left panel: a series of minimum-energy curves plotted
against the variation of Cr position (&3), for various choices of S
movements: (a) §;=8=0.0090; (b) §,=0.0095 &,=0.0085; (c)
8,=0.0085 8,=0.0095; (d) 6,=0.0085 5,=0.0100; (e) 6,=0.0100
6,=0.0085; (f) 6,=0.0090 5,=0.0095; (g) 6;=0.0095 &,=0.0090.
Right panel: comparison of calculated reflectivity spectrum within
GGA+U+SO (solid line) and measured spectrum (Ref. 18) (dotted
line). Two calculated spectra in the inset, shown as black and gray
solid lines, correspond to calculations in undistorted and distorted
crystal structure, respectively.

pushes the empty local states further apart, the orbital mo-
ment however saturates. Figure 3 shows the variation in the
band gap and Fe orbital moment as a function of U. The
magnetocrystalline anisotropy was found to be 10 meV/Fe
obtained by taking the energy difference between calcula-
tions with the spin quantization along [001] and [110], the
spin quantization being favored for [110]. The spin quantiza-
tion is found to be further favored along [100] by 20 meV/Fe
compared to [110], consistent with our findings from Fe z,
mediated SOI.

In the next step, to check the possibility of S and Cr
movements in the low-temperature crystal structure, as sug-
gested in Ref. 11, we carried out total-energy calculations
within the framework of GGA+U+SO with same choice of

U, J values as in Fig. 2, assuming the F43m symmetry. The

F43m space group gives rise to two inequivalent S and Fe
ions and single inequivalent Cr ion. The inequivalent ionic

positions of Cr, Fel, Fe2, S1 and S2 in F43m can be written
as (x3,X3,x3) with x3=0.625+ 85, (0,0,0), (3,3, %), (xy,x1,x1)
with x;=0.375+6, and (x,,x,,x,) with x,=0.875-5,, re-
spectively. Setting ;=05, and 8;=0.0 in the above, one re-
covers the Fd3m space group.'> (&,,8,) governs the distor-
tion related to S movement, while 8; governs the trigonal
movement of Cr along the [111] direction. The total-energy
curve as shown in left panel of Fig. 4 shows a tendency of
small Cr movement as well as some movements of S. These
S movements create two inequivalent FeS, tetrahedra with
two different volumes rather than causing distortion of the
individual tetrahedra. Repeating electronic structure calcula-

tions with ionic positions as given in F43m crystal structure
shows that S movements tend to reduce the band gap, while
the Cr movement tends to increase it. The optimized values
of S and Cr movements, given by curve “b,” gave rise to a
gap of 0.2 eV.
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Finally there have been reports of optical reflectivity and
conductivity'®~'® measurements on FeCr,S,. We therefore
considered it worthwhile to compute the optical properties
and compare with experimentally measured data. For this
purpose, the reflectivity spectrum was calculated using the
joint density of states and the dipole matrix elements.!® The
right panel of Fig. 4 compares the calculated and
experimental'® reflectivity spectrum. Though the experimen-
tal spectra were measured at room temperature, such a com-
parison is found to be reasonable. None of the optical experi-
ments reported to date show any substantial modification of
the optical spectrum in the energy region explored as tem-
perature is changed,!” which indicates that the gross elec-
tronic structure remains unaltered by the temperature varia-
tion. The experimental spectrum shown as dotted line in right
panel of Fig. 4 shows a peaked structure (structure I) at about
0.3 eV and a broad one (structure II) between 0.7 and 7.0 eV.
In between these two structures there is a dip at about 0.5
eV.20 The reflectivity data calculated within GGA+U+SO,
as shown in solid lines in right panel of Fig. 4, show in
general good agreement with experimental data. The broad
shape and position of structure II, which originates from the
transitions involving fully occupied Cr #,, and S p states in
the valence band, and the empty Fe d and Cre, and S p
hybridized states in the majority-spin channel and the fully
filled Fe d hybridized with S p states to the empty Cr d states
in the minority-spin channels, agrees very well with the ex-
perimental one. Structure I in the calculated spectrum, starts
from 0.25 eV and ends at 1.25 eV. This structure is due to a
transition among the SO-split majority Fe-e spins. Transi-
tions among the Fe d-d states are allowed due to loss of
inversion symmetry at the Fe site.!” Although the starting
point agrees well with the experimental value, the peak is
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much broader in the calculation. While there can be several
different reasons for this discrepancy,’! an important issue to
consider is the influence of the structural distortion. The inset
in the right panel of Fig. 4 shows the change in the reflec-
tivity caused by the movements of Cr and S (spectrum
shown in solid gray line in the figure). It is found to alter
structure I while keeping all the structures beyond 1.2 eV
unaltered. Structure I narrows down and moves down in en-
ergy and the following dip moves down, thereby providing a
better agreement in the low energy feature. The precise de-
termination of the ionic positions therefore seems crucial.

In conclusion, using first-principles DFT calculations we
have explored the origin of insulating behavior of FeCr,S, in
the low-temperature regime. Our study shows that the insu-
lating behavior is driven by spin-orbit coupling within Fe e
states which gets renormalized in presence of Coulomb cor-
relation. This adds FeCr,S, in the list of compounds exhib-
iting Coulomb enhanced SOI'3'* The unexpectedly large
spin-orbit coupling within Fe e states is found to be mediated
by coupling with empty Fe 7, states. We also explored the
possible role of low-temperature structural distortion as has
been discussed in the literature. Our total-energy calculation
shows tendency of both S and Cr movements. Comparison of
calculated reflectivity spectrum with experimentally mea-
sured data shows improved agreement in the mid infrared
regime upon inclusion of structural distortion. More experi-
mental studies are needed for a complete understanding of
the optical properties.
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