PHYSICAL REVIEW B VOLUME 60, NUMBER 20 15 NOVEMBER 1999-lI

Calculated magneto-optical properties of cubic and tetragonal Fe, Co, and Ni
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Recent experiments suggest that the linear magneto-optical signal from thin surfaces differs significantly
from the corresponding bulk signal. Using ab initio full potential linear muffin-tin orbital method, we have
therefore calculated the polar magneto-optical Kerr signal for tetragonal and cubic Fe, Co, and Ni, in order to
elucidate the role of tetragonal distortion on magneto-optical spectra. Our calculations indicate that for all three
metals, the amplitudes and positions of the peaks in the Kerr spectra do change due to the tetragonal distortion,
but the effect is not dramatic, and far from the observed differences. We therefore conclude that the large
observed differences must have another origin, and discuss possible sources. Furthermore, since magneto-
optical spectra are very sensitive to details in the wave functions and density, calculation of such spectra
constitutes an important test of aap initio method. The highly accurate method used in the present calcu-
lations differs from previously used methods in several respects, and a comparison between the different
methods is madd S0163-1829)04340-4

[. INTRODUCTION are proportional to the sample magnetization, and the Kerr
effect is therefore useful experimentally in measurements of
Plane-polarized light reflected from a magnetized materiathe magnetic moment. In recent times, it has rapidly devel-
becomes elliptically polarized, and the plane of polarizationoped into a widely used probe in many research fields, such
is rotated. This effect is called the magneto-optical Kerr ef-as, e.g., surface magnetiémagnetic interlayer coupling in
fect (MOKE), after its discoverer. Typically, the effect is not multilayers® and structural and magnetic anisotropgies.
very large. Reflection against the ferromagnetict@ansition  well-known technological application is in the read-out pro-
metals Fe, Co, and Ni causes rotations smaller than 1°. loess in high-density digital information storage systérfer
more exotic materials, such as half-metals and materials cora general review of the present status of experimental and
tainingf elements, the Kerr rotation may be much larger. Thetheoretical magneto-optic research, see, e.g., Refs. 8—12.
most extreme example is CeSb, where the Kerr rotation Low-dimensional magnetic structures such as surfaces
reaches its maximum possible value, 90The nonlinear and thin films have become a new and exciting field of re-
Kerr effect combines frequency multiplication with the men-search and applications. They exhibit many exotic phenom-
tioned changes of the polarization. In general, the nonlineaena, which are absent in bulk systems. However, also the
Kerr signals are much more dramatic than the lineampure bulk properties of the constituents used in these systems
correspondentsin the present study, the Kerr effect is un- may be changed. For example, as soon as a thin film of one
derstood to mean the linear Kerr effect only. We also limitmaterial is applied on some substrate, whose lattice param-
ourselves to the polar geometry, i.e., the spin and photoeter does not exactly match the lattice parameter of the film,
directions are both assumed to be perpendicular to the sue distortion of the crystal structure of the film occurs. Very
face. Experimentally, this is the most studied geometry, andecently, Nakajimaet al!® presented results indicating that
is also the one which in general gives the largest Kerr signalthe optical conductivities from tetragonally distorted Ni and
The microscopic origin of the Kerr effect is a combined Co films are significantly different from those derived from
action of spin-orbit coupling and the net spin-polarization ofmeasurements on the corresponding cubic materials. The dif-
the materiaP The effect is sensitive to small changes in theferences are of two types. First, the amplitudes of the con-
band structure and eigenfunctions, and a more accurate treatuctivities change rather drastically. Second, the peak posi-
ment of the electronic structure, e.g., by using a full-potentiations are altered. The effects are especially predominant in
treatment and a basis set which can systematically be ethe off-diagonal conductivity. It is, of course, of high interest
larged without becoming overcomplete, should therefore reto investigate whether these differences are mostly due to the
sult in visible changes in the spectra. This also means thaetragonal distortion of the interior of the film, or if surface
calculation of such spectra constitutes an important test adind substrate effects or differences in the experimental ap-
any calculational method, which in itself is an important mo-proach play important roles in creating these differences. In
tivation for the present work. the present study, our primary goal is to investigate how the
To first order, the changes in polarization and ellipticity Kerr signal is affected by tetragonal distortion. For this pur-

0163-1829/99/6(20)/1410510)/$15.00 PRB 60 14 105 ©1999 The American Physical Society



14 106 DELIN, ERIKSSON, JOHANSSON, AULUCK, AND WILLS PRB 60

pose, we have calculated the Kerr spectra for cubic and tediagonal dielectric constant for Ni from reflectance measure-
tragonal Fe, Co, and Ni. The in-plane lattice parameter of Canents and interpreted the structures in the spectrum in terms
and Ni was taken to be that of Qécc), and for Fe, it was of interband transitions between the Fermi surface and the
taken to be that of Mbcg. Fe films grown on Cu are not 3d band.

necessarily ferromagnetic, and, furthermore, the tetragonal Many of the experimental spectra differ substantially
distortion of Fe grown on Cu is extremely small. For theseffom each other. Reasons for this are, e.g., differences in

reasons, we have chosen to omit that system in the presef@mple quality, method of annealing, surface polishing, and
calculations. the degree of magnetization. Also, differences in the experi-

mental technique and different extrapolation procedures used

Experimentally, Co on Cy00)) is one of the best ex- 1 A
{n the calculation of the conductivity from measured spectra

amples of a tetragonally stabilized system. After the firs b h di
couple of monolayers, Co on O@01) grows tetragonally May contribute to these differences. o

with good structural order up to 50 to 70 monolayers. As the The abs.orptlve off-diagonal optical cpnductlwt!es for Fe,
film grows thicker, the lattice parameter will relax toward its CO: @nd Ni have been calculated previously, using modern

bulk value. For both Co and Ni, grown on a Cu substrate, th&@nd-structure methods, see, e.g., Refs. 27-29. _
bulk lattice parameter is achieved after about 200 Calculated polar Kerr spectra of cubic Fe, Co, and Ni

H 30
monolayerd® A Co film exhibiting fcc structure was first "2ve been published by several authors. Oppenreat™
reported by Suzuket all* They measured the atomic vol- calcglatgd th? MOKE of cubic Fe! Co, and N.' using a linear
ume in their fcc Co films to be the same as for bulk hep Co Muffin-tin orbital (LMTO) method in the atomic spheres ap-

The magneto-optical properties of Co and Ni grown Onproximation(ASA), including combined corrections. In their
Cu have been investigated in some defaiSpectra were method, both parts of the complex optical conductivity are

registered for two different thicknesses, 20 A and 1000 A .calcula_ted Qirectly using the Kubo formdfa” With finitg
In the thinner films, the in-plane lattice parameter is close tc&elaxatéon t|me.f Gﬁo WSKEEbé_‘hc?Iculeéted th? oner?tatlor)
that of Cu, but already at about 200 A, the in-plane lattice ependence ol .t e ! in lcc Lo, using the spin-
parameter has relaxed to the bulk value polarized, relativistic linear muffin-tin orbita]SPRLTMO

Fe on V is a much less stable system than the abové:ne(tshOOI ri]n thBe ASkA' witgo‘]uthcorg;r_wed c?rretct(ijo?hs. ffoct
mentioned one. Growing Fe on V will cause the in-plane asche, brooks, and Johanssomvestigate e efiec

lattice parameter to expand around 5%, which is a rathe f orbital polarization on the MOKE spectra of Fe, Co, and

large expansion. Fe will therefore grow epitaxially only the OI. Their c?lclulztut)?r?l melthod IS S'm”g‘f[rfo ;_hgtonel usetq by
first couple of monolayers, after which dislocations set in. ~PPEN€eEt al, but ih€y alSc compared the finite-refaxation-

A large number of measurements of the magneto—opticatlime approach via an alternative path, namely to calculate

properties of bulk Fe, Co, and Ni have been performed. Erpnly the absorptive part in the limit of sharp band states

skine and Steri? studied the off-diagonal optical conductiv- (infinite lifetime) and then perform the Kramers-Kronig

ity of all three metals using ellipsometric techniques and th ransformatlgnc tlcl) obtain | thlet %'Strk"ersl\'/\(gKEart' dM?'nkS:’
longitudinal Kerr geometry. Later, these measurements fo rowne, and Lallaway calculate € and aiso the

Ni were extended beyond the quartz limit by Erskifie. cduatorial Kerr effect using a LCGO methdtiMaclaren

Krinchik and Artemje¥’ measured magneto-optical spectraand Huang calculated the polar Kerr effect in Fe and Co,

. : i the full-potential linear augmented Slater orbital
of all three metals, both in the polar and equatorial KerruSng . . X
geometries. Visovsky et al® compared bulk Fe polar Kerr (FLASTO) method, however without including arfystates

spectra with Fe films built on various substrates Welletjn the basis$’ Our calculational method differs from most of

et all® investigated the orientation dependence of the pola]"he hprgv[ously usre]d methods_ In t_hat ']f 'ﬁ a fuII-p_orentlaI
Kerr effect in both fcc and hep Co. The polar Kerr effect for Method, 1.€., no shape approximation of the potential, wave

Ni at low temperature was investigated experimentally by Difunctlons_, or de’_‘S'W has. been employed, C‘?mb'”‘?d with a
and Uchiyam&® Interestingly, the low-temperature spectrum very flexible basis set which can be systematically improved

differs substantially from room-temperature data. upon without becoming overcomplete, which may be a prob-

The diagonal optical constants of Fe, Co, and Ni havd€m in methods where the basis set is constructed from
’ ! r@aussian or Slater orbitals. Especially for metallic systems,

and we can only mention a few of them here. Johnson anauch a flexible basis set should be important. Furthermore,

Christy?* measured and compared the diagonal optical cono calculation pf the optlpal spectra of tetragonally distorted
, Co, and Ni has previously been reported.

stants for several transition metals, including the three wée
treat here. Shiga and Péflperformed measurements, with
Drude’s method, of the diagonal optical conductivity of N| Il. MACROSCOPIC THEORY OF MAGNETO-OPTICS

as a function of temperature, and made a careful analysis of

the origins of the peaks in the spectra, with respect to band At optical frequencies the propagation of electromagnetic
structure. Bolotin, Kirillova, and Mayevskiy measured the waves in magnetic materials may be fully described by the
diagonal optical conductivity of Fe and discussed the relatiordielectric tensofe, or equivalently, with the optical conduc-
between the spectrum and the Fermi surface. The diagonglity tensor ¢.3 For the materials studied here, the optical
optical constants of Fe were also determined by Yolken andonductivity is a symmetric tensor in the absence of a mag-
Kruger?* using ellipsometry. They emphasize the influencenetic field. For cubic crystals, in the absence of an external or
of surface preparation on the measured optical constants. Rexernal magnetic field, the optical conductivity tensor is di-
cently, Fuet al?® measured the diagonal dielectric function agonal in the crystal axes, with all three diagonal elements
of fcc Co. Ehrenreich, Philipp, and OleciA@btained the equal. In this case, the tensor will have the same properties
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as a scalar. Applying a magnetic field will break time- Ill. DETAILS OF THE CALCULATIONS
reversal symmetry since the magnetic field changes sign un-
der time reversal, causing magneto-optical effects to appear.
When time-reversal symmetry is broken, the system reacts Throughout our calculations, we have assumed a polar
differently to photons with helicity {spin and momentum geometry, i.e., the direction of light propagation is perpen-
paralle), compared to photons with helicity 1 (spin and dicular to the surface and the spin moment is parallel to the
momentum antiparallgl which is the time-reversed corre- outgoing light. Furthermore, the calculations are relativistic
spondent. In this case, the optical conductivity tensor is n@nd spin-polarized, as they must be, in order to obtain a
longer symmetric, and it can be written as the sum of anagneto-optical signal.

Hermitian part, containing the dispersive components, and an All calculations presented here are bulk calculations. The
anti-Hermitian part, containing the absorptive componentsmain reason is that we wish to investigate what changes in
Thus, with the magnetic moment in taadirection, the form the spectra are caused purely by the tetragonal distortion it-

of the optical conductivity tensor in the present case is self.
When a metal is grown on a substrate, its lattice param-

Owx Oxy O eters in different directions will typically be distorted. We
() (2) 0 have made the following asgumptions regarding the lattice
o=oVtiol Tyx Tyy ' @ parameters of tetragonally distorted Fe, Co, and Ni. For Co
0 0 o4 and Ni, the in-plane lattice parametewas set to the experi-
mental Cu bulk value, whereas for Fe, it was set to the ex-
perimental bulk lattice parameter of V. Then, the atomic vol-
however, is very small for the materials studied here, at leagiMe Was assum_ed to remain unc_hanged for all three metals,
in the cubic structure®® causing the cubic structure to dlstprt tetragonally. For Fe,
this corresponds to a 5.6% expansionaadnd a 10.3% de-

In standard notation, the real component of diagonal ele ; f the latti rameter in thdirectionc. relative t
ments describes the ordinary optical absorption which is alcrease ot the iattice paramete ectionc, relative 1o

. 0 .
ways positive, and the imaginary component of off-diagonafhe bulk bee strucoture. Fo_r Ca,is expanded 1'9/9 andis
elements describes the magneto-optical absorption. The afjecreased by 3.7%, relative to a fcc structure with the same

sorptive part of the off-diagonal optical conductivity has a?r:on;[ctvcillumg as thﬁl bulk S}Cp structlure.lln t?e chse O.IhN"
direct physical interpretation. It is proportional to the differ- 5 go/'s ortion 1S rcc;Jg dy og 005 jame cve fasl ?_r to, tvf\1” a
ence in absorption of left and right circularly polarized light, 0 €xpansion od and a >.Uv decrease girelative 1o the

and its sign is directly related to the spin polarization of thebUIk fcc structure. Obviously, these distortions of Fe, Co,

states responsible for the interband transitions producin%r:tc:c':'rirae hrgr;l))(/ gjoeni:lrfjgﬁsiln gzit;](;e ft”r:ﬁ ?r:?;ﬁ:;[:eosns (?Ltihne_
structure in the spectra. Y y

As mentioned, MOKE refers to the change in the polar_creased. Also, the lattice parameters of the substrate are af-

ization of light reflected from the surface of a magnetic ma-feCted by the metal grown on top of it.

terial. Linearly polarized light is turned into elliptically po-
larized light with ellipticity ex and its major axis is rotated
by the Kerr rotation angl@y relative to the polarization axis In the full-potential linear muffin-tin orbital method-P-

of the incident beam. Both quantities, which are usuallyLMTO), which is the density-functional method used in the
combined into the complex Kerr angl +iex, can be re-  present stud§* the Kohn-Sham equatioffsare solved for a
lated to the optical conductivity of the material. For the polargeneral potential without any shape approximation.
geometry, the Kerr rotation and ellipticity can be calculated For the density functional, we used the lo¢gpin den-
from the implicit expressiort sity approximation (LDA) in the Hedin-Lundgvist
parametrizatiof® In the present method, space is divided
into nonoverlapping spheres, so-called muffin-tin sph&tes,
surrounding each atomic site, and an interstitial region. The
) . ) . . basis functions used are energy independent Bloch functions,
wheren? are eigenvalues of the dielectric function tensorywhose construction is somewhat different in the spheres and
corresponding to Eq.l), explicitly, in the interstitial.

A basis function in the interstitial is defined by the Bloch
sum of solutions to the spherical Helmholtz equation with
nonzero kinetic energy?, or a linear combination of such
solutions for different kinetic energies. The Fourier represen-
tation of this basis function is taken from the Fourier series
of a function matching the basis in the interstitial region but

A. General considerations

where o= oy, and o= — o,,. Note that even in the cu-
bic case,o,, is not strictly equal too,,. The difference,

B. Ground-state calculation

1+taneg 210 _ (1+ny) (1—n2)
1—taneg (1-n;) (1+n_)’

)

214 2 3
n.= o (Uxx—lo'xy)- ©)

For small Kerr angles, this can be simplified%o

O +iew = ~ Oxy 4) not inside the spheres, a so-called pseudowave function,
K : A ' whose exact shape inside the muffin-tin sphere is of no im-
Txx\[ 1+ o Ixx portance for the final solution as long as it is continuous and

differentiable at the sphere boundary and matches the true
Note that the roots of the real and imaginary partsrQf in basis function in the interstitial.
general do not coincide with zero amplitude of the Kerr sig- Inside the spheres, where the charge density varies rap-
nals 6 and/orey . idly, the basis functions are Bloch functions of numerical
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radial functions times spherical harmonics. The radial part otonstant of the integral over reciprocal space. Furthermore,
a basis function is constructed from the numerical solutiong,, is the Fermi distribution function ensuring that only tran-
¢ (E,,r) of the radial Schrdinger equation in a spherical sitions from occupied to unoccupied states are counted, and
potential at the fixed enerdy, and their energy derivatives §(E,,, — E,,—7% w) is the condition for total energy conser-
#.(E,.r). Here, the indesx stands for a collection of quan- vation.

tum numbers: the principal quantum numbrerthe orbital The evaluation of the momentum matrix elements in the
quantum numbel, the magnetic quantum numbey and the ~ above equation involves integration in real space. This inte-
kinetic energyx?. gration is performed over the muffin-tin spheres and the in-

The treatment of the entire basis set within one singlderstitia| separately. Inside the muffin-tin spheres, spherical
energy panel allows all states, including the pseudocor€oordinates are used for the integration. The integral can
states, to hybridize fully with each other. Our method is lin-then be expressed as a radial function times the angular in-
ear, i.e., the basis functions are constructed by expandiniggral. Integration over the angular coordinates in real space,
around fixed energieE,. The expressions for the crystal assuming the electric dipole approximation, gives rise to the
wave functions in the muffin-tin spheres are matched to th&lectric dipole selection rules, i.e., that some of the angular
interstitial crystal wave function at the sphere boundaries séhtegrals are exactly zero. The nonzero angular integrals can
that the total crystal wave function becomes continuous anf€ expressed exactly using Gaunt coefficients and spherical
differentiable in all space. In the present calculation, the exharmonics. The radial integral is, of course, intrinsically nu-
pansion in spherical harmonics is taken uf 406, and the ~merical, and is evaluated by first performing the differentia-
4s, 4p, 3d, and 4 orbitals were included in the basis set. tion numerically, then integrating. The integral in the inter-
For the early 8 transition elements, it is important to in- Stitial can be rewritten as a surface integral over the muffin-
clude the D semicore states in order to get a convergedin spheres using Green's formula. Explicit expressions
ground state. For the late transition metals, however, thes@garding these integrations can be found in Refs. 46—48.
states can be omitted in a ground-state calculation. Since The integral in reciprocal space is calculated using linear
optical calculations in general require a larger basis set thalfiterpolation on a mesh of uniformly distributed points, i.e.,

a ground-state calculation, one could speculate that the 3the tetrahedron method. Since all information in the problem
states could give a significant contribution to the magnetoiS contained within the IBZ, the region of integration is the
optical properties, even for the latel 3ransition elements. 1BZ, giving of*{w,IBZ). The total absorptive part of the
However, the pseudocorgp3states lie in this case as far as optical COﬂdUCtiVityaﬁbs(w) is then obtained by performing
around 4 Ry below the Fermi level, and do not, according tall symmetry operations oniajbs(w,lBZ), summing up and
our calculations, affect the magneto-optical spectra. In theormalizing with the number of symmetry operations. For
ground-state calculation, reciprocal space was sampled witthe optical calculations, many mokepoints are needed in
657 k points in the irreducible part of Brillouin zongBZ), order to obtain convergence than in the ground-state calcu-

using speciak-point sampling method. lation. We used 11 66k points in the IBZ.
With all absorptive optical conductivities calculated,
C. Optical calculation broadening and Kramers-Kronig transformation still remain.

The most common way to broaden is actually to use a con-

|V\:.e ado_ptec:hthe dlpolet apptroxm;atlfon '”ﬂg’uf (_)tpt:C"’;I fa!{'stant width, but since the lifetime of an excited state gener-
culations, 1.€., the momentum transter from the iniial state 0aIIy decreases with increased excitation energy, it is relevant
the final state was negleptet_:l. Spin-flip transitions, which A@nd potentially more appropriate to broaden with a function
allowed within the electric dipole approximation when spin-

: LT ) whose width increases, in some way, with the excitation en-
orbit coupling is included, were also omitted. Guo and

4 ST “ergy. Gaschet al® let their broadening width increase qua-
Eberf” have shown that this simplification changes the oF_’t"dratically with the excitation energy. We have tried this, but

gal gondu?l\(g:es t\)ly\//_t\;]eryt/hsmall amounts, t‘fmd thf?r: It '; IS'found it to work less satisfactorily than the linear prescrip-
ee ”‘39 Igibie. With these approximations, the Kuboyq, A quadratic broadening removes too much structure at
formula® for the absorptive part of the optical conductivity

d ith a higher energies, where structure definitely still exists in the
reduces tawith af=x.y,2) experimental spectra. Alternatively it gives, compared to ex-

Ve periment, an exaggerated sharpness to the peaks at low en-
(absy  \_ d3k(knlo kn’ ergy. This sharpness may of course be removed by convo-
Tap () 87 miw % f (knfp,[kn”) luting the final spectrum with a Gaussian, but the width

required to get reasonable smoothness is too large to corre-
X<k”'|pﬂ|k”>fkn(1—fkn')5( €kn' — Ekn— hw), spond to experimental resolution or temperature broadening.
(5) Although it is tempting to make use of more elaborate broad-

ening schemes than those discussed here, we have refrained
in the limit of sharp band states. Note that®>*(w)  from doing so, since such schemes inevitably imply an in-
=0&1C3(w), Whereaw&eg’s)(w)=ofﬁ)(w) when a# B. For a  creased number of degrees of freedom in the calculation.
derivation of Eq.(5), see, e.g., Ref. 33. In the above expres-More advanced schemes would very probably improve the
sion, e is the electron chargen the electron massp the  agreement with experiment but at the same time reduce the
frequency of the incoming/outgoing electromagnetic radiasignificance of the result. Thus, broadening the calculated
tion, (px,Py,p,)=p=—i2V the momentum operator, and optical spectra was performed by convoluting the absorptive
|kn) the crystal wave function, corresponding to eigenvalueoptical conductivity with a Lorentzian whose width was
Ey, with crystal momentunk. V/8x is the normalization taken to increase linearly with the photon energy.
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The corresponding dispersive optical conductivity was

then calculated by performing the Kramers-Kronig transfor- o o ' 'Fe
mation of the broadened absorptive part. The convergence of : « Johnson74 |
the Kramers-Kronig transformation was checked by perform- i o Bolotin69

ing double Kramers-Kronig transformations and comparing * Yolken65

the result with the original spectrum. It is our experience that — - Oppeneer92

both resolution broadening and thermal broadening can be K \
neglected compared to the lifetime broadening, which domi- o~ ) T
nates completely.
With all parts of the optical conductivity calculated, the L
polar MOKE spectra are easily evaluated using @g. i -
Since several of the previous calculations of the Kerr

. .. . | 1 | | )
spectra have been performed using a minimal basis set, we 0 ’ ' T e
checked what differences using only orevalue would do + Nakajima96 1
to our spectra. The resulting Kerr spectra were similar to the o Fuos
ones shown below. + Nakajima96(fct) A
5 [

D. Intraband contribution

It is nowadays rather established that at low temperature, I |
direct interband transitions dominate the absorption. The in- “o o T
direct interband transitions can be neglected, or partly ac- i 1
counted for by broadening the spectra suitably. At low ener- -

gies, below ~0.5 eV, intraband transitions, which are 0 brt———+—+—
always indirect, become important. The intraband contribu- s Ni |
tion for the diagonal components of the conductivity tensor b o Nakajima96
is normally taken into account by means of the Drude for- 1 = Sasovskaya7l
mula, o G, StOITL
5 L & s Shiga69 _
w? % “Nakajima96(fet)
O'D((U):—p- (6) o —~~\Oppeneer92 i
4a(yp—iw)’ , AW
o = N\
where w,, is the unscreened plasma frequency andthe 3 o T fet —_-
inverse relaxation time of the indirect intraband transitions.
The second parameter in the Drude formug,, is depen- ol
dent on the amount of vacancies and other defects, and will 2 4 6 8 10
therefore vary from sample to sample. Energy (eV)
We have used the following Drude parameters. ¥g:
=0.45 eV, wp=4.9 eV; Co: yp=0.5 eV, wp=8.3 ev: FIG. 1. Calculated diagonal absorptive optical conductivity for

Ni: yp=0.56 eV,w,=7.5 eV, all taken from Ref. 49. It is cubic(solid lineg and tetragonaldashed lingsFe, Co, and Ni. The
worth noting that the extraction of the Drude parameterstt'daShed lines are calculated spectra from Ref. 30. The experi-
from experimental data requires a free-electron-like region ifnental data shown are as followfse: filled circles, Ref. 21; white

the optical Spectrao. Such a region exists for metals such ascircles, Ref. 23; and fll!ed squares, Ref. Bb: filled circles, Ref.
aluminum or silver, but not for Fe, Co, or Ni. Experimental 13 (1000 A film; white circles, Ref. 25; and pluses, Ref. 13
determination of the Drude parameters for these metals {20 A film). Ni filed circles, Ref. 13 (1000 A film white
therefore intrinsically difficult. squares, Ref. 53; filled trlangles, Ref. 54; white triangles, Ref. 22;

Just as for the diagonal part of the conductivity, the off-anOI pluses, Ref. 13 (20 A film
diagonal part has a contribution from indirect intraband
transitions2°? It is, however, much smaller than in the di-
agonal case, and although it has been specdfatkdt this  ible. Our calculated spectrum for the cubic systésolid
contribution could give rise to visible differences in the spec-line) must be said to be in very good agreement with both
tra, we omit this contribution in the present calculation.  experimental data and the spectrum calculated by Oppeneer

et al,® which is also shown in the figure. Note that the
IV. RESULTS Drude contribution is not included in the spectrum calculated
by Oppeneeket al.

Figure 1 shows the experimental and calculated diagonal The experimental data for cubic Co are less conclusive
xx component of the absorptive optical conducti\tbt&';) for  than in the case of Fe. In the data of Ref. 25, signs of a peak
cubic and tetragonal Fe, Co, and Ni. around 2 eV may be traced, and from 2 eV to 6 eV, all

Starting with Fe, we see that the experimental spectra akkxperiments exhibit a negative slope. Both these features are
show the same general trends, but have different amplitudeseproduced in our calculated spectrum, possibly with the
The experimental spectra for Fe peak between 2eV angeak displaced slightly toward higher energies.
3eV. In the low-energy range, the Drude tail is clearly vis- For Ni, the experimental curves all follow the same trend,
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although the absolute amplitudes differ from one experiment

T T T

to another, just as for Fe. At low energies, the spectrum is « Engen83 Fe
dominated by the Drude contribution, giving the tail at ener- « Ferguson69 |
gies below 0.5 eV. This tail is followed by a small structure = Krinchik68§

around 1.5 eV, which is reproduced in our calculations, and St T - Oppeneer92

a broad peak centered around 5 eV, which is also present in
the calculated spectra, but shifted to higher energy. Also
here, our calculated(?) spectrum for the cubic system is \
very similar to earlier published calculated spectr® both I v
regarding the total amplitude and the peak positions. -

For both Fe and Ni, our spectra are flatter at higher ener- I

gies than other calculated spectra. This is due to our broad- _5 - S S
ening prescription, in which the broadening width increases I « Nakajima96 ]
with the photon energy. ] + Nakajima96(fct) |

As seen from Fig. 1, the tetragonal distortion affects only
marginally the diagonal absorptive optical conductivity. The
differences are largest for Fe, which is natural since the te-
tragonal distortion in the calculations is largest for this ele-
ment. The main changes are that the maximum peak ampli-
tude is decreased, and that the minimum just after the Drude
tail is less pronounced. In the case of Co, the peak at 1.2 eV
has become smaller, and for Ni, whose spectrum lacks finer
structures in the low-energy region, the changes are minor. P I I

For both Co and Ni, experimental spectra derived from mea- Nakaii Ni{
. . * Nakajima96
surements on 20 A thick fims grown on Cu are shown [ > Engen83 ]
(pluses, as well as measurements on 1000 A thick films L = Erskine77 i
(filled circles. In the Co case, the two spectra are rather 5+ & Krinchik68 ~
similar, but for Ni, the amplitude of the spectrum from the i * Martin64

+ Nakajima96(fct) ]|
- Oppeneer92

ALy T

20 A film is significantly higher than the spectrum for the

thicker film. Our results indicate that these spectral changes

are not due to tetragonal distortion itself. 0
In Fig. 2, the calculated off-diagonal absorptive optical &

conductivityog) for cubic and tetragonal Fe, Co, and Ni is .

compared with spectra derived from experimental measure- i , l

ments; see Refs. 13,16,17, and 55-57. The conductivity mul- 2 4 6 8 10

tiplied by the frequency is plotted, not the conductivity itself. Energy (eV)

Discrepancies at higher energies are therefore enhanced and

appear larger than they are. The tetragonal distortion is seen g 5 calculated off-diagonal absorptive optical conductivity
to result in some changes of the spectra for all three metal%r cubic (solid line9 and tetragonaldashed linesFe, Co, and Ni.
and the change is somewhat larger in this component than ifhe dot-dashed lines are calculated spectra from Ref. 30. The ex-
the diagonal conductivity. The off-diagonal conductivity is perimental data shown are as followe: filled circles, Ref. 55;
thus seen to be a more sensitive probe of small changes filed squares, Ref. 56; white squares, Ref. Crx filled circles,
the crystal structure. Ref. 13 (1000 A film; pluses, Ref. 13 (20 A film Ni: filled
For Fe, two of the experimental spectra peak around 2 eVircles, Ref. 13 (1000 A fily) white circles, Ref. 55; filled
and fall off to a shoulder with an almost constant amplitudesquares, Ref. 16; white triangles, Ref. 17; white diamonds, Ref. 57;
from 4 eV to 6 eV. The third experimental spectrum is mis-and pluses, Ref. 13 (20 A film
placed by about 1 eV in comparison to the two others. Our
calculated off-diagonal optical conductivity has a signifi-
cantly larger amplitude than the experimental spectra. Itrum is rather similar to that of Fe, with the structures dis-
peaks at 2.2 eV, in close accordance with experiment, angdlaced to lower energies for Co. The calculated spectrum
falls off to a shoulder, also in agreement with experiment. ltexhibits a peak at 2.2 eV and a shoulder at higher energies,
may be noted from Fig. 2 that the sensitivity to structuralwhich appears to follow the experimental spectrum rather
effects may be quite large, and for certain frequencies thelosely.
structural distortion modifies the signal with up t630%. For Ni, our calculated spectrum exhibits the minimum at
To our knowledge, there exists only one published experilow energy seen in the experimental spectra, as well as the
mental measurement of the off-diagonal absorptive opticatlouble-peak structure at intermediate energies. However, all
conductivity for cubic Co, and no calculated spectrum. Thestructures appear at higher energies than in the experimental
experimental spectrum, shown with black circles in thespectra. The total amplitude of the calculated spectrum is
middle panel of Fig. 2, suggests a peak below 2 eV, andhigher than that of the experimental spectra, just as in the
exhibits a clear shoulder between 3 eV and 5 eV. Just as farase of Fe and Co.
the diagonal absorptive optical conductivity, the Co spec- For Fe and Ni, spectra calculated by Opperetaal > are
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. . . . . FIG. 4. Calculated off-diagonal dispersive optical conductivity
FIG. 3. Calculated diagonal dispersive optical conductivity for g ¢\ pic (solid lineg and tetragonaldashed linesFe, Co, and Ni.
cubic (solid lineg and tetragonaldashed linesFe, Co, and Ni. The e qot-dashed lines are calculated spectra from Ref. 30. The ex-

dot-dashed lines are calculated spectra from Ref. 30. The experserimental data shown are as followse: filled circles, Ref. 55;
mental data shown are as _folIoWée: filled circles, Ref.. 21; w_hne white circles, Ref. 56: and white diamonds, Ref. Th: filled
circles, Ref. 24 Co: filled circles, Ref. 13 (1000 A filp) white circles, Ref. 13 (1000 A film pluses, Ref. 13 (20 A film Ni:
circles, Ref. 25; and pluses, Ref. 13 (20 A filmhi: filled circles,  fjeq circles, Ref. 13 (1000 A fily white circles, Ref. 55; white

Ref. 13 (1000 A film, white circles, Ref. 21; filled squares, Ref. squares, Ref. 16; filled diamonds, Ref. 17; and pluses, Ref. 13
26; and pluses, Ref. 13 (20 A film (20 A film).

also shown. As seen, our spectra are similar to these spectra.
However, due to the differences in basis set, there are diffeppositive shift of the amplitude of the dispersive component
ences, especially at higher energies, which may signal lineapver the entire energy range. At higher energies, our broad-

ization errors in the minimal basis-set calculations. ening prescription takes over, producing a flatter curve than
We now move on to the dispersive components of thehe other calculated spectra.
optical conductivity tensor. The diagonal componerjf, The last conductivity term, i.e., the off-diagonal disper-

multiplied by the frequency, is shown in Fig. 3. Just as forsive optical conductivityr%,) multiplied with the frequency,

the absorptive correspondent, the tetragonal distortion is seés shown in Fig. 4.

to have only a minor effect on the spectra. For all three metals, the calculated spectra, both ours and
The main reason why the amplitudes in the other calcuthe ones from Ref. 30, have a larger amplitude than the ex-

lated spectr2® are lower than our amplitude in the low- perimental ones at low energies, and the peak positions are

energy region is because they have chosen to plot the coshifted toward higher energies. The effect of tetragonal dis-

ductivities without the Drude contribution taken into tortion for this component is seen to be largest at the low-

account. The general effect of this contribution amounts to drequency part of the spectra. Again it may be found that
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FIG. 5. Calculated polar MOKE rotation for cubfsolid lines FIG. 6. Calculated polar MOKE ellipticity for cubigolid lineg

and tetragonaldashed linesFe, Co, and Ni. The dot-dashed lines and tetragonafdashed linesFe, Co, and Ni. The dot-dashed lines
are calculated spectra from Refs. 30 and 31. The experimental dagie calculated spectra from Refs. 37 and 31. The experimental data
shown are as followsFe: filled circles, Ref. 18; white circles, Ref. shown are as follows=e: filled circles, Ref. 18; white circles, Ref.
58; filled squares, Ref. 59; white squares, Ref. 55; and filled dia58. Co: filled circles, Ref. 13 (1000 A fily white circles, Ref.
monds, Ref. 17Co: filled circles, Ref. 13 (1000 A fily white 25; and white triangles, Ref. 18li: filled circles, Ref. 13 (1000 A
circles, Ref. 25; and filled squares, Ref. M: filled circles, Ref.  film); white circles, Ref. 60; and white diamonds, Ref. 55.
13 (1000 A film; white circles, Ref. 20; filled triangles, Ref. 60;
white squares, Ref. 55; and filled diamonds, Ref. 17.
density-functional calculations. Also for Ni, this displace-
ment of the peak positions in the calculated spectra com-
methods using different basis sets give somewhat differernpared to the experimental ones is clearly visible.
spectra. The spectrum measured by Bt al?° for Ni is a low-

In Fig. 5 experimentalRefs. 13,17-20,25 and 58-)60 temperature spectrum. The second minimum in this spectrum
and theoretical spectra for the polar Kerr rotation are plottedis considerably deeper than in the other experimental spectra,
In general, the agreement with both experimental spectrindicating that the Kerr rotation spectrum for Ni is rather
and with other calculated spectra is very good. For Co, outemperature sensitive. The form of this spectrum, with its
calculation follows more closely the experimental spectra indeeper second minimum, is in better agreement with the
Refs. 13 and 25, whereas the spectrum calculated by Oppérm of our and other calculated Kerr rotation spectra for Ni

neeret al3'is in closer agreement with the spectrum of Ref.than the room-temperature spectra.

19 regarding the peak amplitudes. It is also shifted in energy The tetragonal distortion is seen to change the amplitude
compared to our spectrum, and the reason is that we hawsf the spectra. For Fe and Ni, the general form remains ap-
used the experimental lattice parameter, whereas in Ref. 3proximately the same, whereas in the low-energy region of
an expanded lattice parameter was used in order to corre€o, a small positive peak, not present in the cubic spectrum,
for the overestimation of the d3band width present in appears at 0.8 eV for the tetragonally distorted metal.
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The polar Kerr ellipticity is shown in Fig. 6. It is interest- moment? Thus, the distortion-induced changes in the
ing to note that the spread in the experimental results is unmagneto-optical spectra are not due to a change in the spin
usually small for this entity; for Ni, the three experimental polarization of the material, and no simple relation exists
spectra are practically on top of each other. between the magnitude of the polar MOKE signal and the

The calculated and experimental spectra are generally ispin moment, if at the same time the material’s crystal struc-
very good agreement. For Co, again, our spectrum is disture is being changed, e.g., being tetragonally distorted. As a
placed toward higher energies compared to the spectrum cditm grows, the tetragonal distortion normally does change,
culated by Oppeneat al.>! because of the lattice-parameter and thus using the MOKE signal as a measure of the spin
effect. moment can be misleading in such cases.

Just as for the Kerr rotation, the effect of tetragonal dis- In a general comparison of calculated magneto-optical
tortion is clearly visible, especially in the low-energy part of spectra of Fe, Co, and Ni, using different calculational ap-
the spectra. For Fe, the positive low-energy peak decreas@soaches, it is safe to say that all methods give rather similar
significantly, and so does the amplitude of the shoulder at 2esults for these close-packed systems. The main differences
eV. In contrast, the amplitude of the low-energy peak in Cobetween different calculations seem to be in the absolute
increases. This is also the case for Ni, although here theamplitude of the conductivities. Our calculations show larger

effect is not as pronounced. total amplitudes, both of the diagonal and off-diagonal ab-
sorptive optical conductivities, than the spectra calculated by
V. DISCUSSION AND CONCLUSIONS Oppeneeret al*° and by Mainkaret al*® For more open

) ) ) _crystal structures, we expect the full-potential treatment to be

In conclusion, the tetragonal distortion has a clearly vis-gf mgre importance. Also, at higher energies it seems like
ible effect on the calculated off-diagonal conductivities, andihe minimal basis-set methods deviate somewhat from the
therefore on the MOKE signal. However, the effect is farqyitibasis method presented here, which may be due to lin-
from as large as indicated in Ref. 13. This implies that thesgrization errors.
differences seen between 1000 A and 20 A films most A general difference between calculated and experimental
probably have other origins. In Ref. 13, lattice mismatch atyhsorptive conductivities appears to be that the amplitudes
the interface, increased atomic volume, and reduced atomigre systematically larger in the calculations. This is quite
coordination number in the surface and interface are Menexpected, since there is always an unavoidable loss in a mea-
face and interface roughness. Another possible explanatio(gbticm conductivities as well as the polar Kerr signal, the
the 20 A film have been calculated from longitudinal Kerr experimental spectra. This tendency is smallest for Fe and
measurements, whereas the conductivities for the 1000 Agrgest for Ni. From the density-functional calculations made
film were derived from measured polar Kerr spectra. Thegn these systems, it has become quite clear that especially for
longitudinal Kerr effect is a much smaller effect than thenj an essential part in the electronic structure is missing in
polar Kerr effect, and uncertainties of measurement shoulghe density-functional description. For example, DFT over-
therefore affect the longitudinal signal to a larger extentestimates the @-band width in these metals, which in turn
This might explain the large differences in amplitude of theaffects the optical and magneto-optical spectra and causes
conductivities. . _ _ peaks to be offset toward higher energies. By increasing the

In this paper, only changes in the interband contributionattice parameter, this discrepancy can be artificially cor-
have been considered so far. The Fermi surface of Cour%cted, since a |arger lattice parameter gives narrower
Changes due to the tetragonal distortion, and therefore th?andsgoA most interesting deve|opment’ and a more phys|-
plasma frequency should also change. Furthermore, the reg|ly appealing way of correcting for the overestimated
laxation frequency in a thin film is expected to be different3q.pand width, would be to performG W-corrected
from the bulk value. Thus, it is reasonable to assume thatg|culation& of the magneto-optical spectra. Such an ap-

Drude parameters change in the thin film as compared to thgroach has been shown to give a band structure for Ni in
bulk. Changes in these parameters indeed affect the positioRfyser agreement with experiméit.

and amplitudes of the main peaks of the Kerr signal. How-
ever, the experimentally observed changes in the off-

d_iagonal conduqtivities can hardly be explained this way, ACKNOWLEDGMENTS
since they are virtually independent of the Drude contribu-
tion. Valuable discussions with P. M. Oppeneer, T. Kraft, J.
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portant result of our calculations is that the calculated spirmentation of the electric dipole matrix elements in the FP-
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onal distortion. The relative change of the orbital moment isResearch Council for Engineering Sciences and the Swedish
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