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CuCr,Se, is one of the few compounds that exhibits a magneto-opthd&) Kerr angle of greater than one
degree at room temperature. To better understand the origin of this effect, the MO properties of ferromagnetic
CuCrX, (X=S, Se, Te) spinel chalcogenides are evaluated using fully relativistic local-density electronic
structure calculations. Treating thel lectronic states within the standard band description, excellent agree-
ment with the measured MO spectra is obtained. The calculations are analyzed to further elucidate aspects of
the Kerr rotation[S0163-182¢09)09221-§

I. INTRODUCTION complicated formulas involving MO matrix elements using
electronic states of the real FM system. With the tremendous
The magneto-optical Kerr effe@MOKE), namely the ro- increases in computational power and the concomitant
tation of the polarization plane of linearly polarized light on progress in electronic structure methods the calculation of
reflection from magnetic solids has been known for moresuch matrix elements became possible, if not routine. Subse-
than a century.During the past two decades interest in thisquently many earlier, simplified calculations have been
effect has increased tremendously. The reason for this is twshown to be inadequate, and only calculations from *“first-
fold: first, the Kerr effect is used in modern data storage angbrinciples” have provided, on the whole, a satisfactory de-
sensor technologyand second, the Kerr effect has rapidly scription of the experimental resulfThe existing difficul-
developed into an appealing spectroscopic tool in materialies stem either from problems using the local spin density
research. Magneto-optical spectroscopy has contributed to a@pproximationLSDA) to describe the electronic structure of
improved understanding of the electronic structure of a widd-M materials containing highly correlated electrons, or sim-
class of materials and of many basic problems ranging fronply from the difficulty of dealing with very complex crystal
surface magnetism to exchange coupling in magnetic supestructures. For 15 years after the work of Wang and
conductors. Over the years the Kerr spectra of many ferroCallaway* there was a lull in MO calculations until MO
magnetic materials have been investigated. An overview oéffects were found to be important for magnetic recording
the experimental data collected on the Kerr effect can band the computational resources had advanced. Different re-
found in the review articles by BuschcivReim and liable numerical schemes for the calculation of optical matrix
Schoene$,and Schoenes. elements and the integration over the Brillouin zone have
The quantum mechanical understanding of the Kerr effecbeen implemented, giving essentially identical restfi@ro-
began as early as 1932 when Hufhpeoposed that the Kerr totype studies have been performed using modern methods
effect could be attributed to spin-orbiSO) coupling (see  of band theory for Fe, Co, and Ni. Following the calculations
also Kittef). The symmetry between left- and right-hand cir- for the elemental 8 ferromagnets, a number of groups have
cularly polarized light is broken due to the SO coupling in aevaluated the MO spectra for more interesting compounds.
magnetic solid. This leads to different refractive indices forTo show the diversity of the materials studied and to help put
the two kinds of circularly polarized light, so that incident our own work in context, we note the following materials for
linearly polarized light is reflected with elliptical polariza- which MO calculations have been performed: half-metallic
tion, and the major elliptical axis is rotated by the so calledFM, CrG,, and EuO'® MnBi, FePt, UP,;*® UTe, USh,
Kerr angle from the original axis of linear polarization. The CeTe!® FePt, MnBi, Heusler alloys, US, UAsSe, Ggrand
first systematic study of the frequency dependent Kerr andthers!’ FePt, CeSb, G& MO calculations have also been
Faraday effects was developed by Argfrand later Cooper performed for surfaces and multilayéfswhile the calcula-
presented a more general theory using some simplifyingions showed there is good agreement between theory and
assumptior’s (also see Ref. 10 The very powerful linear experiment in case af-band magnetic materials, attempts to
response techniques of Kul@ave general formulas for the describe MO properties of materials using the same formal-
conductivity tensor which are being widely used now. Aism failed to create a consistent physical picture. This has
general theory of frequency dependent conductivity of ferro-been attributed to the general failure of the LSDA in describ-
magnetic(FM) metals over a wide range of frequencies anding the electronic structure dfstate materials (# espe-
temperatures was developed in 1968 by Kondorsky andially). To overcome the LSDA limitations to study MO
Vediaev? spectra a so calleB® correction for correlations was imple-
The main problem afterward was the evaluation of themented but gave inconsistent resdftslhe more consistent
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LSDA+U scheme has been used to describe the Kerr angle.84° at 0.88 eV which is as high as in PtMnSb (0.83° at
of CeSb'®? Since then several papers implementing thel.57 e\). Although CuCsSe, does not contain any atom
LSDA+U scheme for MO calculations have been publishedwith strong spin-orbit couplingiike Pt in PtMnSb, it exhib-
with 4f and 5 materialst®?? its almost the same MO properties as PtMnSb.

With the above as background, we have performed calcu- The electronic structure of the Cul, (X=S, Se, Te)
lations to evaluate the MO properties for a number df 3 chalcogenides was discussed in the literafuf& > but no
4f, and 5§ FM materials. Besides the inherent interest in thetheoretical MO calculations are available for CyKy. In the
materials studied, the use of similar methods to study matePresent work we report a detailed theoretical investigation of
rials with different degrees of localized electronic statesthe optical and MO Kerr spectra of Cu;, CuCrSe, and
helps to establish the limitations of the LSDA approach andcuCrTe,.
to identify where techniques like the LSDAU method are The paper is organized as follows. The theoretical frame-
needed. We have divided the work into three papers, withvork is explained in Sec. lll. Section IV presents the descrip-
this, paper |, concentrating on the description of the methodgon of the crystal structure of the Cugt, (X=S, Se, Te)
and the results for thedseries of chromium chalcogenides, compounds and the computational details. Section V is de-
where the LSDA approach is successfully applied. Papers Noted to the electronic structure of the compounds calculated
and Ill deal with 4 and 5 materials, respectively, and use in the LSDA. The results are compared to previous band
both the LSDA and LSDA- U approaches to assess the sen-Structure calculations and the optical and MO theoretical cal-

sitivity of the MO results to the different treatments of the culations are compared to the experimental measurements.
correlated electrons. Finally, the results are summarized in Sec. VI.

Il. THE DESCRIPTION OF THE STUDIED SYSTEMS . THEORETICAL FRAMEWORK

Among the compounds containing magnetic transition el- Using straightforward symmetry considerations it can be
ements, four large classes have attracted special attention fshown that all MO phenomena are caused by the symmetry
their MO properties. These comprise spinels, garnets, orthgeduction—compared to the paramagnetic state—caused by
ferrites, and Heusler alloys. The Heusler alloys NiMnSb,magnetic ordering® Concerning optical properties this sym-
PdMnSb, and PtMnSb have been the subject of intensivéetry reduction only has consequences when SO coupling is
experimental and theoretical investigations since the earlgonsidered in addition. To calculate MO properties one
1980s?® The half-metallic Heusler compound PtMnSb therefore has to account for magnetism and SO coupling at
shows the highest Kerr rotation angle 6f1.27° known so the same time when dealing with the electronic structure of
far for magnetic transition metal compounds and alloys athe material considered. Performing corresponding band
room temperature. Recent fully relativistic spin-polarizedstructure calculations it is normally sufficient to treat SO
band structure calculations were able to explain the peculiaricoupling in a perturbative way. A more rigorous scheme,
ties of the MO spectra of Heusler allo$fs. however, is obtained by starting from the Dirac equation set

Although the optical and MO properties of the rest of theup in the framework of relativistic spin density functional
three groups of compounds have been the subject of intertheory>*
sive experimental studies over last two decades, they have
received less attention with energy band structure calcula- [ca-p+ M +IV+Vs,Bo, Y= €ntbk, (D
tiorjs partly due to rather compliczzited 3Srystal5 structures,yith Vey(r) the spin-polarized part of the exchange-
sz'fels hav§+the general formul,”(Mg")2X4,” Where  correlation potential corresponding to thquantization axis.
Ma" and Mg" are di- and trivalent cations, respectively Al other parts of the potential are contained \itfr). The
(Ma=Mg, Mn, Fe, Co, Ni, Cu, Zn, CdMg=Cr, Co, andX  4x4 matricesa, B, and! are defined by
stands for a chalcogen O, S, Se, or Te. Among the transition
metal spinels the copper-chromium spinels GOGr (X 0 o 1 0 10
=S, Se, Teplay a special role. While many other chromium af:( 0>, B 0 _1>, = ( 0 1>, (3]
spinels and particularly most oxides are insulators which or-
der antiferromagnetically, Cug$,, CuCrSe, and with o the standard Dirac matrices, ardidthe 2xX2 unit
CuCr,Te, are metallic and order ferromagnetically with Cu- matrix.
rie temperatures well above room temperature, i.e., There are quite a few band structure methods available
CuCrS, (T.=377 K), CuCsSe (T.=430 K), and now that are based on the above Dirac equatidn.the first
CuCr,Te, (T.=360 K)2°These compounds were first syn- scheme the basis functions are derived from the proper solu-
thesized by Hahret al?® in 1956, and their magnetic prop- tion to the Dirac equation for the various single-site
erties have been reported by Lotgering in 1864The  potentials’®*’In the second one, the basis functions are ob-
metallic character and the magnetic moment of approxitained initially by solving the Dirac equation without the
mately 5 ug, per formula unit, i.e., for two Cr atonf§has  spin-dependent terffi®® and then this term is accounted for
promoted interest to consider these compounds as promisir@ly in the variational step”* In spite of this approxima-
material for MO devices.The magneto-optical polar Kerr tion, the second scheme nevertheless gives results in very
effect measurements on CuSk, single crystals between good agreement with the first ofiewhile being very simply
0.55 and 5.0 eV shoff that the Kerr ellipticitye, reaches  implemented. We also mention the quite popular technique
—1.19° at 0.96 eV. The figure of merRY%(42+e2)*?,  when SO coupling is added variationdflyafter the scalar
whereR is the optical reflectivity has a maximum value of relativistic magnetic Hamiltonian has been constructed. In
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FIG. 1. Self-consistent fully relativistic, spin-polarized energy

band structure and total DO statesfunit cell eV)] of CuCrSe,.

this case only the Pauli equation with SO coupling is being

solved. All three techniques yield similar results.
In the polar geometry, where theaxis is chosen to be

perpendicular to the solid surface, and parallel to the magne-
tization direction, the expression for the Kerr angle can be

obtained easily for small angles and is giverf by

. _ny(w)
(@) +iex() = —
|
1+ lo'xx(w)
w

)

oxx(®)

with 6y the Kerr rotation andy the so-called Kerr elliptic-
ity. .5 (@,B=X,y,z) is the optical conductivity tensor,
which is related to the dielectric tensey; through

4i

saﬁ(w)zaaﬁ+70-aﬁ(w)- (4)

The optical conductivity tensor, or equivalently, the di-
electric tensor is the important spectral quantity needed for

the evaluation of the Kerr effectThe optical conductivity

can be computed from the energy band structure by means of

the Kubo-Greenwodd linear-response expressibh:
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FIG. 2. Fully relativistic, spin-polarized partial densities of
states calculated for Cug3e,.
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with f(eq) the Fermi functionfiw,, (K)=e€n— €4/, the
energy difference of the Kohn-Sham energégg, andy is
the lifetime parameter, which is included to describe the fi-
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TABLE |. The experimental and calculated spin and orbital magnetic mom@entgg) of CuCpX,
compounds. The experimental data for Cs&rare from Ref. 46, and for Cug8e, and CuCyTe, from Ref.

47.

Compound Atom Ref. 32 Mg M, M iotal Expt.
Cu -0.32 —-0.078 —-0.011 —0.089 —0.07+0.02

CuCnrS, Cr 3.25 2.679 —-0.027 2.652 2.640.04
S -0.27 —0.098 —0.001 —0.099 —0.05+0.11
Cu -0.26 —0.073 —0.009 —0.082 0.010.13

CuCr,Se, Cr 3.54 2.833 —0.009 2.824 2.810.11
Se —0.36 —0.137 —0.005 —0.142 —0.25+0.14
Cu —-0.19 —0.096 —0.006 —0.102 0.050.14

CuCrTe, Cr 3.74 3.166 0.021 3.187 3.1D.16
Te —0.48 —0.202 —0.011 —0.213 —0.25+0.14

nite lifetime of excited Bloch electron states. THE, , are 50 eV). The Kramers-Kronig transformation has been used
the dipole optical transition matrix elements, which in a fully to calculate the dispersive parts of the optical conductivity

relativistic description are given by from the absorptive parts.
0 (K) =m( il cal ), 6) IV. CRYSTAL STRUCTURE
with ¢, the four-component Bloch electron wave function. AND COMPUTATIONAL DETAILS

A detailed description of the optical matrix elements in the  The chromium spinels CugX, (X=S, Se, Te) crystal-

Dirac representation is given in Ref. 41. lize in the face-centered cubiECC) structure withtwo for-
Equation(5) for the conductivity contains a double sum . - —
mula units peprimitive cell. The space group Bm3m (No.

02-27) with Cu at the & positions, Cr at the Ibpositions, and

X at the 32 positions. In our band structure calculations we
used the experimentally measured crystal structures and lat-
tice constantg9.820, 10.327, and 11.140 A for CuSy,
CuCr,Se,;, and CuCsTe,, respectivel§?).

i The electronic structure of the compounds was calculated
(7)  self-consistently using the local spin density approximéfion
and the fully relativistic LMTO methotl in the atomic-

with w,, , the components of the plasma frequency, whichsphere approximation, including the combined correction

called interband contribution, i.en#n’, and the intraband
contribution,n=n"'. The intraband contribution to the diag-
onal components ofr may be rewritten for zero temperature
as

(wp,a)z
A7 w+iyp’

O ga(@)=

are given by (ASA+CC)* The spin polarization has been included in
the variational stef® The combined correction terms have
Are? been included also in calculation of the optical matrix ele-
(wp,a)ZE 5 > 8(enc— Eg)| 12,2, (8  ments. To improve the potential we include three additional
M™Vye nk empty spheres in thel 16c, and 48 positions. The radii of

andEg is the Fermi energy. For cubic symmetry, we further-the overlapping spheres wesg,=2.1577,S¢= 2.2863,Ss,

more havew;=ow} = w’ ,= o} ,. Equation(7) is identical

to the classical Drude result for the ac conductivity, with 00 L e

vp=1lTy, and the phenomenological Drude electron re- i .,,_..'r"'

laxation time. The intraband relaxation time parameggr < 27°[ e

may be different from the interband relaxation time param- <, 250 |

etery. The latter can be frequency depend®rend, because = 2os | B

excited states always have a finite lifetime, will be nonzero, « | i

whereasyp, will approach zero for very pure materials. Here ¢ 2%

we adopt the perfect crystal approximation, i;g,—0. For g 1|

the interband relaxation parameter, on the other hand, weg so L

shall use, unless stated otherwiges0.2 eV. Thisvaluehas & | .

been found to be on average a good estimate of this phenomé’ I

enological parameter. The contribution of intraband transi- 1.00 |L*

tions to the off-diagonal conductivity usually is not consid- e T e e o0 o w0 ao:

ered. Also we did not study the influence of local field
effects on the MO properties.

We mention, lastly, that we have calculated the absorptive FIG. 5. Lattice constant dependence of the magnetic moment
part of the optical conductivity in a wide energy rari@@ to  per Cr site calculated for Cug3e,.

Lattice constant (a.u.)
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TABLE Il. The centers of gravitye, relative to the Fermi energ§n eV) in CuCpX, compounds.

Compound Cu Cu Cr Cr X X
dap dsp dap dsj, P12 P32
CuCnS, —2.42 —-2.13 0.21 0.30 —2.87 —2.76
CuCrSeg —2.37 —2.08 0.26 0.35 —2.94 —2.49
CuCnrTe, —3.24 —2.95 0.04 0.13 —2.45 -1.21

=2.4954,5;,=2.0674,5c,=1.8465, ancsz;=1.4817 a.u. lence bands. Figure 4 shows the semirelativistic spin-
The basis consisted of the Cu andrp, d, andf; Se  polarized Cu and Cd and Sep partial DOS’s. Cud minority

s,p, andd, and empty spheres andp LMTO's. The energy ~ Spin valence bands are fully occupied and almost occupied

expansion parametet,z; were chosen at the centers of for the majority spin producing a very small negative mag-

gravity of the occupied parts of the partial state densitiegietic moment at Cusee Table)l The orbital magnetic mo-

both for charge density calculations and for MO calculationsment is rather small for all three atoms due to small SO
The k-space integrations were performed with the im-coupling. The calculated spin polarization of the G &ec-

proved tetrahedron methdand charge self-consistently trons is 2.824ug and agrees well with the experimental
was obtained with 480 irreducible points. value obtained by Colomin&susing polarized neutron dif-

fraction measurements (2.8D.11 ug). Theoretical net
magnetization per formula unit Cui3e is equal to
5.282 ug. We also performed lattice constant optimization
The fully relativistic spin-polarized energy band structurefor CuCrSe,. The theoretically optimized lattice constant
of ferromagnetic CuGSe,, shown in Fig. 1, is rather com- deviates from the experimental one by less than 1%. The
plicated. It may, however, be understood from the total anadonsideration of gradient corrections changes this result in-
partial density of state€DOS) presented in Fig. 2. The oc- significantly. The lattice constant dependence of magnetiza-
cupied part of the band structure can be subdivided into twdion is shown on Fig. 5. Magnetic structure and magnetic
regions separated by an energy gap of about 6 eV. The bandsoments near the equilibrium volume are stable and only
in the lowest region have mostly a Seharacter with some under abnormal pressure whAm=2 a.u. are the moments
amount of Cu and Csp character mixed in. The highest at the Cr site decreasing rapidly. The total energy difference
region can be characterized as a bonding combination of Chetween FM and AFM phase at equilibrium volume is close
and Crd and Sep states. This complex is separated from theto 800 K.
antibonding states by a pseudogap around the Fermi level. The main trend in the electronic structure of the sequence
The antibonding states are created mostly by the €ates. of CuCrLX, compounds X=S, Se, Te) results from the
Another pseudogap arises above thed®and at about 4 eV characteristic trend in the chalcogenje/ave functions and
above the Fermi energy. Figure 3 shows the semirelativistifrom the systematic change of the lattice parameters. The
(without SO interaction spin-polarized energy band struc- counteraction of screening by inner atomic shells and of rela-
ture and total DOS’s of the up- and down-spin bands oftivistic effects leads to the characteristic trend in the position
ferromagnetic CuGSe,. It is seen that the pseudogap of the atomicp state and hence of the center of gravity of the
around the Fermi level originates from the minority spin va-chalcogenidep band (Table 1l). The SO splitting of Cud

V. RESULTS AND DISCUSSION
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FIG. 6. Spin-projected semirelativistic energy band structure FIG. 7. Spin-projected semirelativistic energy band structure
and total DOYin statesfunit cell eV spin] of CuCrS,. and total DOgin statesfunit cell eV spin] of CuCrTe,.
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FIG. 8. Relativistic, spin-polarized energy band structures of

CuCnpX,.
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trum is after Ref. 28.

center of gravity is equal 0.29 eV. For @rstates this value

is smaller and equal to 0.09 eV for all three compounds. But
SO splitting for chalcogenidg states shows one order of
magnitude increase from ®.11 e\) to Te (1.24 e\). Thep
bandwidth is monotonically increasing from S to Te due to
the increasing extension of the atomic wave function, al-
though the lattice constant increases too. The increasing of
the lattice constant from S to Te leads to the monotonic
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FIG. 11. Same as in Fig. 10, but for CuyS;. FIG. 12. Same as in Fig. 10, but for CyCe,.

increase of the spin polarization of the Cd 8lectrons(see  (Fig. 6). There is still an indirect energy gap in CySkg, but
Table ). only for the majority bands above the Fermi ene(Big. 3).

A previous band structure calculation for CySe, used  There is not any gap in the Cudwr, compound for either
the discrete-variationaX, method and proposed this com- spin direction(Fig. 7). The inclusion of SO interaction in the
pound to be half-metallic with a gap of about 0.4 eV for theenergy band calculations destroys the gaps in both the
spin-down bands. The prediction of half-metallicity was CuCrS, and CuCsSe, compoundgFig. 8).
based on nonrelativistic band structure calculations. This ap- After the consideration of the above band structure prop-
proximation is often acceptable for the study of certain ma-erties we turn to the MO spectra. In Fig. 9 we show
terial properties, but especially for the investigation of MOthe calculated and experimerffaMO Kerr spectra of the
properties it is not, because the Kerr effect is a purely relathree isoelectronic CugX, compounds. There exists rather
tivistic effect. Semirelativistic LMTO band structure calcu- good agreement between the experimental Kerr spectra and
lations for CuCsS, produce a direct gap in the minority the ab initio calculated one for CuG8eg,. Overall, the ex-
energy bands of about 0.4 eV, but slightly above the Fermperimental features are reasonably well reproduced, except
level at 0.05 to 0.45 eVsee Fig. 6. There is another indirect for the magnitude of the second Kerr rotation peak of
energy gap for the majority energy bands at 0.3 to 1.09 e\CuCr,Se,, for which theory predicts smaller values than are
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experimentally observed. There is also a small energy shifinteraction of Te as compared to that of S and Se. The in-
by about 0.1 eV in the position of the main Kerr rotation andverse denominator IpwD]~* exhibits a strong resonance at
ellipticity peaks in CuCsSe,. We can conclude, therefore, very small energy, about 0.2 eV, which is much larger than
that the anomalous behavior of the MO Kerr spectra inthat for CuCyS, and CuCsSe,, but such a strong resonance

CuCr,Se is well described by band structure theory.

does not lead to a large Kerr rotation due to lack of the

To investigate the origin of the Kerr spectra, we considelinterband transitions in this energy region. Almost all the

the separate contributions of both the numerator of (Bj.
i.e., ox(w) and the denominator, D(w)=0y]1

spectral shape of the Kerr rotation in the Cyil3y com-
pound (except for the first peak at about 0.3 el deter-

+(4mil ) oy, ]2 In Fig. 10 we show how the separate con- mined by wa, .
tributions of numerator and denominator bring about the The calculated plasma frequencies evaluated usingdkq.

Kerr angle of CuCsSe,. The imaginary part of the inverse
denominator(times the photon frequengylm{ wD] ™2, dis-

in the compounds are very smdllp,=1.62, 1.45, and 1.60
eV for CuCrSe,, CuCrSe, and CuCyTe,, respectively.

plays a double resonance structure at about 0.14 and 0.7 eV.

The imaginary part ofwo,,, i.e., woy,, displays a very

VI. SUMMARY

small value at 0.14 eV and a reasonable size minima at 0.7

eV. Therefore the first peak in the Kerr rotation at 0.65 eV  The origin of large Kerr angle in Cug®e, as compared
results as a combination of a deep resonance structure of the the Kerr angles in CuG8, and CuCsTe, can be com-
denominator and interband transitions contributing intopletely understood from our calculations. In these three com-

Taxy- The nature of the peaks in [@D] ! can be under-

pounds, first, the off-diagonal conductivitias,,(w) are

stood from the top panel in Fig. 10, where the complex di-quite different, which is a direct result of the different rela-

agonal dielectric function is shown: its real pa#;,,,

tivistic electronic structures. Theiwo,,, spectra are dis-

crosses the energy axis at about 0.2 and 0.75 eV, and itictly different, while, on the other hand, theo,,, of
imaginary parte,,,, has a shallow minima at the same en- CuCr,Se, and CuCsS, have a similar structure, but not a
ergies. The second and others peaks in the Kerr rotation afimilar magnitude(see Figs. 10 and 11There is also the
CuCnSe, at 1.2, 2.1, 3.0, and 4.5 eV, are coming from theinfluence of the denominators as exemplified if &®] 1.

corresponding maxima iw o, , which in turn are known to

These are similar in shape and magnitude for G8€rand

be due to the interplay of SO coupling and spin polarizationCuCrS,, but the magnitude of IfwD] ! in CuCkS, is

Next, we consider the spectra for the compound G8Lr

in more detail, which is shown in Fig. 11. In this compound

the inverse denominator [mD]~* again displays a strong

larger.
In conclusion, we find that the Kerr spectra of Cy&,
CuCrSe, and CuCsTe, can be described by using elec-

resonance at 0.7 eV, which is even larger than that fotronic structure calculations within the LSDA. The puzzling
CuCrSe. The reason for the calculated resonance in theanomalities in the Kerr spectra of these compounds arise
inverse denominator lies again in the frequency dependendeom an interplay of compound related differences in the SO
of the diagonal dielectric function, which is shown in the topinteraction and also in relative positions of energy bands.

panel of Fig. 11. However, the off-diagonal conductivity

w0y for CUCKLS, is much smaller in that energy interval

than that of CuCiSe, in accordance with the smaller SO
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