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We report a first-principles, self-consistent, all-electron, linear combination of Gaussian orbitals calculation
of a comprehensive collection of magneto-optical properties of nickel and iron based on density-functional
theory. Among the many magneto-optical effects, we have studied the equatorial Kerr effect for absorption in
the optical as well as soft-x-ray region, where it is called x-ray magnetic linear dichroism. In the optical region
the effect is of the order of 2% while in the x-ray region it is of the order of 1% for the incident angles
considered. In addition, the polar Kerr effect, x-ray magnetic circular dichroism, and total x-ray absorption at
thel, ; edges, and the soft-x-ray Faraday effect atlthg edges have also been calculated. Our results are in
good agreement with experiments and other first-principles methods that have been used to calculate some of
these properties.

I. INTRODUCTION Our motivation in performing these calculations has been
twofold. First, since it is known that these effects depend
Although magneto-optical properties of magnetic metalssensitively on the accuracy of the band structure calculation,
have been known for over a hundred ye&itsis only in the ~ we wanted to demonstrate that our modified tight-binding
past couple of decades that vigorous interest has been refftethod that includes spin-orbit coupling in a very straight-
cused on this subject, partly due to their potential for appli-forward manner can produce results at least as accurate as
cation in the technology of high density data storageBe-  Otherab initio electronic structure approaches that apply ei-
cause of advances in laser and tunable synchrotron sourcesthgr the fully relativistic machinery or use more complicated
variety of different magneto-optical effects including the Computational procedures to avoid using the Kramers-
magneto-opticaj Kerr ef‘fedﬂ\AOKE)'G the Faraday eﬁedt, Kronig (KK) transformation. Our MOKE results on nickel
x-ray magnetic circular dichroisf)XMCD) for absorptiofi® ~ and iron essentially prove this point. Second, although ex-
as well as angle-resolved photoemissibitand x-ray mag-  Periments on the equatorial Kerr effect have been done pre-
netic linear dichroism (XMLD) in angle-resolved Viously in the optical regioR? no experiments on the above-
photoemissioh 2 have now been extensively studied. The Mmentioned photoabsorption XMLD at thepZdge of nickel
connection between all of these phenomena and the ele@nd iron have been reported. It would thus be interesting to
tronic structure of the materials in which they are seen hagee how well our theoretical results for the 2dge agree
long been knowr®'* However, only in recent years has with future experiments. A recent experiment on the soft-
there been an effort to perform first-principles band structuré-ray Faraday effect at thepedges of irofihas also spurred
calculations of some of these effects. One-electron band ca¥!s into calculating this effect using the LCGO method.
culations for bulk surfaces, alloys, and multilayers have been We thus begin Sec. Il by outlining in brief the inclusion of

already reported for the polar MOKE;*® XMCD and  SPin-orbit coupling to the nonrelativistic LCGO method,
XMLD, 2-25 and the x-ray Faraday effe?. which is slightly different from the previous LCGO wofR.

This paper reports a first-principles, self-consistent, all\We also giv_e a brief description of the fast_and efficient.KK
electron calculation of several magneto-optical properties offansformation method we have employed in our analysis. In
bulk nickel and iron, using the linear combination of Gauss-S€c. Il we discuss in detail the results of our first-principles
ian orbitals (LCGO) method. These include the equatorial calculation of the elements of the conductivity tensor and
Kerr effect, x-ray magnetic linear dichroism in absorption attheir subsequent use in determining the magneto-optical
the 2p edges, the soft-x-ray Faraday effect at the elges, properties mentioned above. We shall also point out how our
the XMCD and absorption spectra at the €dges, as well as met_hod compares with previous theoretical results and with
the polar MOKE. The equatorial Kerr effect defined here isavailable data.
the difference in absorption @f-polarized light incident ob-
liquely on the magnetized.sar.nple. in the equatorial geometry, Il. METHOD OF CALCULATION
when the sample magnetization is reversed. When observed
at core-level edges this effect can be called photoabsorption The band structure calculation with spin-orbit coupling
XMLD of a different kind, to distinguish it from the first included within the LCGO method was done by Wang and
kind observed by holding the photon polarization parallel toCallaway”® for nickel and by Singh, Wang, and Callaway for
thex axis and rotating the magnetization from théo thez  iron.3° However, the exchange potential in those calculations
axis?® the second kind observed due to the rotation of thewas of theXa kind and the set of 38 basis functions was also
photon polarization vector with the magnetization heldsmall. Subsequently, the computational procedure was re-
fixed?? and the one observed in angle-resolved photemisvised considerabl§} with the exchange potential being re-
sion. placed by the more accurate von Barth and Hedin type as
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parametrized by Rajagopal, Singhal, and KimBaknd the  bitals for the p-p and d-d blocks, respectivelyn, is the
basis set expanded to a total of 75 functions fdrit@nsition  number of basis functionsy is the sum of the exponents of
metals. The method of evaluating the Brillouin zofi22) the Gaussian orbital$\ is the number of unit cells an@ is
integrals was also improved by using the linear analytic tetthe unit cell volumeg(k) is the weight associated with each
rahedron methodf3* and improvements were made in cal- k point in the BZ,1;; is the sum of the orbital quantum
culating the K=0 Fourier component of the Coulomb numbers of the basis functionsand j, W==,g(k) is the
potential®® This nonrelativistic LCGO method was applied total weight, and’(z) is the gamma function. For the charge
to a host of different elemental magnetic as well as nonmagdensity appearing in the E3) we used the resulting wave
netic solids over the past several years and a variety of elegunctions of the nonrelativistic, self-consistent calculation.
tronic properties such as the Fermi surface, the optical conyith spin-orbit coupling included, the new generalized ei-
ductivity, and the Compton profile were calculatd?* genvalue equation of order 1%A50 was diagonalized in
which were in fairly good agreement with experiments. For1/16th of the BZ at only 21% points for fcc nickel and only
the 3d transition metals the basis set thus consisted of 1825k points for bee iron, fewer than the number of points
s-type, 10p-type, 5d-type, and 1f-type Gaussian orbitals, used in the previous calculations.
using published orbitals based on atomic calculatfons.  Using the results of the band structure calculation, the
However, relativistic corrections were completely ignored inelements of the conductivity tensor may be found from the
these improvements. formulag®

With a view to tackling the anisotropic properties of mag-
netic metals, we have added the spin-orbit coupling, Darwin, ie? 1
and relativistic mass-velocity terms to the existing code. As Oxd @)= Ek: 2 oK)
is well known, the principal advantage to using a Gaussian "
basis in a first-principles tight-binding method is the ability |TT§ |2
to use analytic expressions for the overlap and several + m
Hamiltonian matrix elements. This is true in the cases of the n!
spin-orbit interaction term as well. We have used essentially ie2 1
the same approximations used eafflefor the spin-orbit O ©) = —+
coupling term; i.e., the principal contribution to the spin- g m% K W won(k)
orbit matrix elements is only for those in thep andd-d (ITXITY ) *
blocks. We also used the same central-cell approximation, el (5)
wherein we retain only spin-orbit matrix elements between o+ wn(K)+id]’

those orbitals centered on the same atomic site. The diﬁe'(/'vherel goes over the occupied states angjoes over the
ence be'tween.our approach and theirs is .that n Ref. 291 occupied states anld’s are thek-dependent matrix ele-
spin-orbit matrix elements were evaluated in reciprocal SPaCkents of the momentum operator

and a Fourier sum had to be performed o¥ewectors to The usual procedure is to evaluate the real patt,gfand

pbtain the real space po.tential. Sinc_e the spir)—orbit couplingh imagninary part ofr, by replacing the Lorentzian by a
is strongest at smaller distances, this necessitated the use Qi ‘¢ \nction in the Iin;(i){ of5 going to zero. It is then cus-

an asymptotic expansion for the handling of largevalues tomary to keepd finite to simulate a finite relaxation time.

to O%ta('jntﬁ reason?iilel vzlue folr t}?suThmatpn. V\Le_thavi,-_ For calculations of magneto-optical properties, it is then nec-
avoidec this compietely by evaiuating the spin-oroit ma rIXessary to perform the KK transformations to obtain the

elements in real space directly. In terms of the Gaussian b%aginary part ofa,, and the real part ofr,,.'3 The KK
sis, the expresssion for the spin-orbit matrix elements of th?ntegrals are knowr);xto suffer from problemgyof slow conver-

[T
w—w,(k)+id

: 4

IXnH%I
o— oy (k)+id

p-p block is gence and the nece&sity of choosing high cutoff values for
2 2 o N ) energy. One approachevaluates the original Kubo formula

| = f e; ';IP Z— ! > P'JN'JF[(I':__J:::’)/IZZ]} )  directly with lifetime effects as a parameter. This method,

P 8mcia 2NQ 7 (ata;)it? although accurate, is extremely computationally intensive.

We have instead performed the KK transformations through
the use of two successive fast Fourier transforms. This
method is commonly used in studies of infrared intensities of

while for those of thad-d block is

2.2 Np
I = h Sg\ldz 7 1 S PN Lﬁ)@z liquids#® The basis of this method comes from the well-
8m-ca 2NQ 7 VY| (atay) it known relation that ifF(t) is the Fourier transform of
f(w),
al'[(1;+5)/2] o
(a+aij)(|ij+5/2) F(t) 1 * dw f( )e—iwt (6)
[ — w w y
where V2w -
1 andh(w) is the Hilbert transform of (w),
Pii=Zaw 2 P (09(K). 3 L )
h(w):—Pf do’ T 7
v — o w—w

In the above expression$, and Ny are the products of
the normalization constants of the appropriate Gaussian othen
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H(t)=—i sgr(t)F(t), (8)  tion for nickel and iron at the @ edge. Here we have used
) ) the standard expression for the Faraday rota#anfor a
whereH(t) is the Fourier transform dfi(w), thicknessd
H(t)zi " do h(w)e "t 9 wd
V2m) = O =2 Regn —n'], (13)

Preliminary tests on known Hilbert transforms using this
method yield results that are accurate to better than 1%. Thghere n"'=\1+4mic" (0)/w and o ' (®)=o0y()
advantages of this method are immense since with sufficientj Txy(@).
number of points, the method is very accurate and fast. Fur-
thermore, it has the flexibility of incorporating the lifetime
effects very conveniently by simply multiplying the right- ll. RESULTS AND DISCUSSION
hand side of Eq(8) by an exponential damping factor,

A. Elements of the conductivity tensor

H(t)=—i sgr(t)F(t)efﬁm. (10 Using the results of the band structure calculation, we

_ _ _ _ calculatedor,(w) and o7, (w) in the optical as well as the
The disadvantage of using this method is the same as that 5y vegion for nickel and iron. For the optical region, we

which arises when trying to evaluate the KK integral dlrectly,shOW our results in comparison with experiments and the

namely, the need to have function values for frequenc'ﬁ.‘?heoretical results of Ref. 15. For comparison purposes we

more than twice the range of frequencies of interegt. Thi; '}ave not included the Drude term to the diagonal terms in the
particularly troublesome for functions that do not quickly d'efigures for (). Later, they have been included in the
XX . 1

down within the energy range of interest. In our problem th'scalculation of the magneto-optical effects. Figute) Shows
requires the values of the momentum matrix elements fo

; ' Othe results ofry,(w) for nickel. Our theoretical curve seems
states up to 30 eV above the Fermi level. In the followmg,[0 be in good agreement with the experiments of Ref. 50,
elements of the conductivity tensor in the optical as well asrhe d|ﬁer§nce betwegn our resglts.and those of Rgf. 151s
x-ray region and compare it with non-KK transformed re_due toa dlffe_rent ph0|ce for the lifetime. Afte_:r repeating the
sults calculation with different values of f[he I|fet|me parameter,
: we chose a value of 0.0368 Ry for nickel to give best results

We have applied the results of the for_egoing analysis t%r MOKE. We also observe the 1-eV shift at 5.4 eV which
determine both the polar and the equatorial Kerr effects. Foﬁas been ascribed to the failure of the local-density approxi-

the polar Kerr effect the complex Kerr rotation is given by mation (LDA) in producing some nickel @ band<?! In the

A7
the relatio case ofwaiy(w) [Fig. 1(b)], our results are similar to those
of Ref. 15, but the peaks are more pronounced in our case.

b= _UXY . (1)  Another feature worth noting is the dip near 5.5 eV that is
oxx\N1+4mioylw closer to the observed dip in our calculation than theirs. This

) . _has a very noticeable effect on the Kerr angle spectra as we
We have calculated the equatorial Kerr effect in the opti-gha|| see later. In the case of iron, our theoretical results for

cal as Well_as the soft-x_—ray region. It is, howe_ver, WeI_I o_)l(x(w) [Fig. 1(c)] compare far better with experiment than
known that in the equatorial geometry, the reflection coeffi- : ;

. . ) ; N those of nickel and agree well with the results of Ref. 15.
cient ofp-polarized light at oblique incidence depends on theg,, theoretical results seem to be closer to the experiments

direction of magnetization because of its dependence on the pot 52 4ng agreement in general can be taken to be quite
off-diagonal component of the conductivity tensor. Thus it is%?od In the case ofo?(w) [Fig. 1(d)] our theoretical
: Xy .

evident that a reversal in magnetization should cause rve displays a peak at 2.7 eV that is noticeably higher than

82:?gS?n'getZEc?]b:grgf?gc'tnéigz'tgoﬁﬁgggrr'zed Ilégrigté(;vll?rﬁt- the experimentally observed peak. Here, however, the over-
' SO 9 estimation is surprising since we used an inverse lifetime of

the equatorial Kerr effect can be obserffeeven using un- 0.06 Ry for iron, higher than the 0.05 Ry used by Ref. 15.

polarlzgd light. Past calg:ulan‘l‘?s“ for the equatqnal Kerr Employing the KK transform method outlined earlier, we
effect in the optical region have used expressions that e, |culatedo? () and o (). Figure 2a) shows the result
correct up to first order ik, the off-diagonal component of XX x\@)- F19

2 . . . .
the dielectric tensor. To calculate the effect in the x-ray reO" @T{®@) in the case of nickel while Fig.(B) shows the

gion we need the exact expression for the reflection coeffione for iron. In both cases, our results are remarkably close

cient of p-polarized light incident at an angle of incidence ©© the results of Ref. 15. In the case of nickel they also
P compare well with experimentS.In the case of iron the two

experimental results seem to differ quite widely above 2 eV,
cos[ Nk 1B+ k,Sind] +sif6— thus making comparison with theor%/ quite difficult. Figures
r=Sirfo— Ky — COPNr LB+ 1,5in0]’ (12 2(c) and Zd) show our results fowary(w). For nickel, the
disagreement at 5 eV is very obvious. In our calculations,
whereB?=1—sirfd/in? and the complex refractive indexis  this does not seem to have affected the polar Kerr angles as
n=k,+ K§/K1, where k, is the diagonal element of the seriously as it has the equatorial Kerr effect in the 0—10-eV
dielectric tensor. From Eq12) the absorption (£|r|?) can  region. Other than this, the results for nickel seem to agree
be obtained. Last, we also calculated the x-ray Faraday rotacery well with the general features of the experiment. For
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FIG. 1. Elements of the conductivity tensor for nickel and iron(dnand (b), solid line with an inverse lifetime of 0.0368 Ry is our
result. Dashed line is the result of the calculation of Ref. 15 with an inverse lifetime of 0.04 Ry.dnd(d) solid line is our result for an
inverse lifetime of 0.06 Ry. Dashed line is the result of the calculation of Ref. 15 for an inverse lifetime of O(@.‘ﬁ&f&for nickel. Circles
are the experimental results of Ref. 50. Squares are the experimental results of Rb}.c@&fy for nickel. Circles are the experimental
results of Ref. 64(c) o, for iron. Circles are the experimental results of Ref. 52. Squares are the experimental results of Rbf. 65.
w(r)z(y for iron. Circles are the experimental results of Ref. 64.

iron, the results Ofu(r)l(y(w) follow the experiment quite well MOKE spectra for nickel. No such adjustments tomwere

and also compare well with the results of Ref. 15. necessary in our results and our theoretical results for nickel
seem to agree very well with the experimental results of Ref.
B. MOKE and XMCD 55 throughout the energy range of the data. The discrepancy

between our results and those of Ref. 15 could possibly be
raced to the noticeable differencecmrﬁy(w) in Fig. 1(b) of
he dip around 5.5 eV which is shifted lower as compared to
ing curves for the optical region are shown in Fig&)and that of Ref. 15. Ihere is also a_slightly stronger dissimilarity
3(b). In the calculation of the Kerr angles, we have included®@Ween ourwoy,(w) results[Fig. 2c)] and those of Ref.
the effect of a phenomenological Drude term using valued® Which may also be responsible for the difference in the
for op and 7, from previous experimental resuf.The Kerr spectra of nickel. Since this is related to the spin-orbit
results on nickel are particularly good since the shift of 1 evcoupling strength, we calculated the valugdbr nickel and
is not as noticeable in the Kerr angle spectra as it is in théound it to be 0.0062 Rywhich is slightly smaller than the
elements of the conductivity tensor. This is in slight contrastVang and Callaway value of 0.0067 RyThis difference
to the observations of Ref. 15. may be attributed to the use of a much larger basis set and to
In a later publicatiotf Oppeneeet al. have investigated the better accuracy of our real space evaluation of the spin-
the dependence of MOKE spectra on the strength of the spirerbit matrix elements. Thé value was not reported in Refs.
orbit coupling. They concluded that the MOKE peaks scalel5 or 16 and hence a comparison could not be made. Fur-
linearly with the spin-orbit coupling parametéand varying thermore, our calculated orbital magnetic moment was 0.049
£ could produce a better agreement with the observegig, which is within the accepted range. In the light of these

Using the calculated curves for the elements of the con
ductivity tensor we evaluated the Kerr angles for nickel an
iron for the polar Kerr geometry using E¢l1). The result-
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FIG. 2. Dispersive components of the conductivity tensor for nickel and (Btmuoﬁx for nickel. Circles are the experimental results of
Ref. 53.(b) wa?, for iron. Circles are the experimental results of Ref. 53. Squares are the experimental results of Rﬁfw&&y for
nickel. Circles are the experimental results of Ref. (@4.000')1(), for iron. Circles are the experimental results of Ref. 64.
observations we may conclude that the spin-orbit couplingest since it is now widely accept®d®that MOKE depends
strength in oud bands is quite accurate. In the case of iron,sensitively on the strength of the spin-orbit coupling and the
our Kerr angles are in excellent agreement with experimentaéxchange splitting. To further investigate whether or not our
result$® and also compare well with the theoretical results ofspin-orbit coupling in the valence bands is accurate we de-
Refs. 15 and 18. cided to calculate the x-ray MCD spectra of iron and nickel

As noted before, one of the features of our KK transfor-at the 2» edge using our first-principles LCGO method. This
mation method is that for functions tha}t do not decay to zerqepyves as a simultaneous check for the accuracy of the LDA
within the reqmred energy range of interest, accur_ate MOzt x-ray energies. In the XMCD at thep2core edge, it is
mentum matrix elements for energies up t0 two times agpqywn that while the separation between the two peaks origi-

much are needed to correctly produce the KK transformag, ;oo principally from the spin-orbit splitting of thep2ev-

tion. Our momentum matrix elements are sufficiently accg-els, the exact ratio between the two pef(ksg., approxi-

r:?\te up to thpse energigs since they are calculated l“'Smr%ately—l 6:1 in the case of nickehrises out of the spin-
simple analytic expressions resulting from the use of a o

Gaussian basis and hence are free of any numerical appro>§:rb't sphtung of the 3j Valence bands. Smce XMCD s .the
mations. In addition, it is evident from our results of Kerr ifference in absorption of right and left circularly polarized

angles that with a straightforward inclusion of spin-orbitX rays in the polar geometry, this is nothing buf, ()
coupling (for which we again have analytic expressipitsa evaluated using momentum matrix elements between core
manner described in the earlier section, we are able to vergP and valence 8 bands.

effectively and efficiently account for all the principal fea-  The results of this calculation are shown in Figa)4for
tures of the MOKE spectra. nickel and Fig. 4b) for iron. Along with this, we also com-

It is interesting to see whether the strength of the spinputed theoL,(w) which is a measure of the total absorption
orbit coupling in ourd bands that has given us good resultsof right and left circularly polarized x rays. These results are
for MOKE in Ni gives consistent results for the other shown in Figs. &) and §b). As in any core to band transi-
magneto-optical properties as well. This is a very importantion the effect of the core hole has to be accounted for, which
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FIG. 4. XMCD at the » edges for(a) nickel and(b) iron. A

FIG. 3. Polar Kerr rotation. In both graphs, solid line is our Gaussian broadening of 0.2 eV has been added in both cases.

result. Dashed line is the result of the calculation of Ref.(&bFor .
nickel. Circles are the experimental results of Ref. 55. Squares a@ﬁeCtS in nickel by past authofsand have been reproduced

the experimental results of Ref. 6@) For iron. Circles are the PY JO and Sawatzky in a many-body calculation on nickel.
experimental results of Ref. 55. They have not been reproducible by any one-electron band
calculation. The results of our band structure based calcula-
tion of MOKE and XMCD are then an indication that, within

we did by recalpulating bands and e?genfunctions With. he LDA framework, our method does give an accurate and
increased effectiv& value and then using the new energies . N
consistent description of these phenomena.

and wave functions for the final state to calculate the mo-
mentum matrix elements. The resultihg andL, peaks oc-
cur at 856 eV and 874 eV for nickel, which agree fairly well
with the observed energies of 853 eV and 871 eV, respec- The other principal tool for magneto-optical studies on
tively. Similarly, the calculated-; and L, peaks for iron ferromagnetic materials has been the equatorial Kerr
occur at 710 eV and 723 eV, which agree fairly well with the effect?®°® As mentioned above, the reflection coefficient of
observed peaks of 707 eV and 720 eV, respectively. Howan incident electromagnetic wave in this geometry depends
ever, our main results in the XMCD spectra are theto-  on the sense of magnetization in the metal. When observed at
L, ratios which are—1.56:1 in the case of nickel and a core-level edge this phenomenon may be termed x-ray
—1.2:1 in the case of iron. For nickel this seems to agreenagnetic linear dichroism. It may be noted that a different
very well with the observed ratio of-1.6:1. For iron the kind of absorption XMLD can be obtained by keeping the
theoretical ratio is slightly smaller than the observed ratiomagnetization constant but rotating the photon polarization
However it agrees with the ratio for iron determined by othervector by 90°. This effect has also been calculated
first-principles methods based on LI¥A?* Thus, the dis- previously?? but is not considered here.

crepancy in thd_s-to-L, ratio for iron is not an artifact of We have calculated the equatorial Kerr effect for absorp-
our method but may be due to the failure of the one-electroion both in the optical region and in the soft-x-ray region
band picture. One aspect that must be pointed out in théXMLD) using Eq.(12) for several different angles of inci-
XMCD spectra of nickel is the missing peaks, often referreddence. The results for the optical region are shown in Figs.
to asB andB’, 4 eV away from the principal peaks on the 6(a) and &b) for nickel and iron, respectively. From Fig(e

high energy side. These have been ascribed to many-bodcan be seen that as the angle of incidence is changed from

C. The equatorial Kerr effect and photoabsorption XMLD
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FIG. 5. Total absorption at thep?edges for(a) nickel and(b)
iron. A Gaussian broadening of 0.2 eV has been added in both
cases.

45° to 80° on nickel the sign of the effect is reversed. After
this, from 80° to 88° the peak magnitudes progressively in-

crease, reaching a peak somewhere close to grazing inci;
dence. The effect, of course, disappears at exactly 90°. For

nickel, it is important to remember that in the evaluation of
the conductivity tensor, the theoretical results have always
predicted a dip at 5 eV where there actually is an experimen-
tal rise [see Figs. (b) and Xd)]. Taking a clue from this
observation, we may predict that in Figah although the
structure up to 4 eV may compare well with experiment, the
peaks(or dips at about 5 eV may well be found to be re-
versed for every angle.

The curves of Fig. @) for iron can, however, be consid-
ered to be faithfully reproducing experimental results. For
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iron, we see that as the angle is increased from 80° t0 85°, |5 g Equatorial Kerr effect. Fai) and(b) AT is the change
there is a reversal of the sign of the effect only for the regiony, apsorption intensity upon reversal in magnetizatibris the av-

up to 5 eV. The effect is most enhanced at 88° to 89° and thgrage absorption of the two directions. Plots are correct up to a
most observable change is at about 6 eV. Although we diGegative sign(a) Nickel and(b) iron. & = 45°, solid line.6=80°,

not find any experimental results for change in absorptionyotted line.# = 85°, dashed line¢ = 88°, dash-dotted line(c)
upon reversal of magnetization in the optical regime, experig=45°. Al is the change in reflection intensity upon magnetization.
mental results for the change in the reflection intensity bet is the reflection intensity from unmagnetized nickel. Solid line is
tween magnetized and unmagnetized nickel have been reur theoretical result. Circles are the experimental results of Ref.
ported in the past We calculated this also using E4.2) by  55.
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FIG. 7. Photoabsorption XMLD at thep2edges.AT is the
change in absorption intensity upon reversal in magnetizalida.
the average absorption of the two directions. Plots are correct up to FIG. 8. Soft-x-ray Faraday rotation at the 2dges. In both
a negative signa For nickel.# = 85°, solid line.¢ = 87°, dotted  figures solid line is our theoretical resulig) For nickel. (b) For
line. & = 88°, dashed line(b) For iron. § = 80°, solid line.&  iron,d = 80 nm. Circles are the experimental results of Ref. 7.
= 85°, dotted line.d = 87°, dashed line.

Energy(eV)

is about 1%. This agrees with the analysis about this type of

linear dichroism done in the pa&tTo the best of our knowl-
putting oy, equal to zero to simulate the unmagnetizededge, such absorption XMLD experiments at tipee2ige for
nickel. Although this procedure may be viewed with caution,iron and nickel have not been reported although XMLD in
our results for nickel as shown in Fig(d agree remarkably photoemission has been subjected to an onslaught of theo-
well with experiment. There again is the characteristic dip atetical and experimental analysist?°°~%The results there
5 eV which does not follow the rise seen in experiment, butare characteristically different from our absorption results,
this has already been noted to be a consistent failure of LDAince the final states in a photoemission experiment are very
in nickel. high above the 8 bands. As such, the final state spin polar-

For the x-ray region our results for thgg2dge have been ization does not play as significant a role as it does in pho-

shown for nickel and iron in Figs.(& and 1b), respectively.  toabsorption type measurements. This is particularly demon-
We clearly see that at the onset of the; edges in both strated in photoemission XMLDRef. 62, where the signs
cases the sign of the peaks is the same. There is, howeverpaithe two peaks are opposite each other, in contrast to what
sharp overshoot to the opposite sign just afterltheedge. is seen in our photoabsorption XMLD.
This is more pronounced in the case of nickel, although it is
unmistakable even in iron. It would be interesting to see if
these features are actually observed. In the case of iron, the
predicted peaks at tHe; andL, edges seem to be of almost ~ We finally turn to the Faraday rotation of the plane of
equal magnitude. This may be in slight disagreement wittpolarization of linearly polarized x rays upon transmission
experimental results since, as mentioned earlier, the predithrough magnetic metals. The main concern here stems from
tion of theL 3-to-L, ratios both in the XMCD and total-x-ray the knowledge that the E¢13) derived for the Faraday ef-
absorption calculation are slightly underestimated for iron. Itffect is based on the dipole approximation. At a first glance, to
may also be noted that at the incident angles considered these it for evaluating the Faraday effect in the soft-x-ray re-
maximum effect for iron is about 0.8% while that for nickel gime is to bring the approximation to a questionable limit.

D. Soft-x-ray Faraday rotation
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This problem has been addressed previdisand it has  with previous first-principles calculations based on LDA of
been demonstrated that the theory of Faraday effects can MOKE and MCD and experimental observations. In particu-
extended to the x-ray regime by postulating the existence dfr, our MOKE results for nickel have produced very good
a free carrier effective dielectric medium with the same con-agreement with experiments, despite the lack of good de-
ductivity tensor as the ferromagnetic metal in question. Inscription of some of the LDA bands in nickel. Discrepancies
fact we already did make this extension when we us@do originating from the failure of the LDA have, however, crept
determine XMCD andv}, to determine the total absorption. Up in the equatorial Kerr effect in the optical region around 5
Since those results produced reasonably good agreeme@y. Our results for photoabsorption XMLD could not be
with experiments, we wish to examine its applicability fur- compared with experiments, but judging from the agreement
ther by evaluating the Faraday effect at soft-x-ray energiedf the XMCD and soft-x-ray rotation results with experi-
This calculation is a trivial extension to the calculation of ments, we conclude that our results for nickel may be con-
XMCD and total absorption since all we need is the KK sidered to be accurate, but for iron the actuglpeak mag-
tranforms of these curves. This, as mentioned earlier, can batude may be much higher as compared tolthg@eak. This
done very efficiently and accurately with our method. conclusion is also supported by our Faraday effect results on
The calculated Faraday rotation at the &dges of nickel iron. It is also noteworthy that the equatorial Kerr effect is
and iron is exhibited in Figs.(8) and 8b). An experiment on larger in the optical region than in the soft-x-ray region.
soft-x-ray Faraday rotation has recently been done at the 2 We have also demonstrated that fast, efficient, and accu-
edge of irodl with which we compare our results. As can be rate KK transforms can in fact give sufficiently satisfactory
seen from Fig. ®) the agreement with experiment is rather results for sensitive magneto-optical effects of bulk metals,
good at the_, edge but is relatively poor at the, edge. This ~ Which have been previously obtained by computationally in-
is expected on the grounds that thg edge peak of iron in tensive methods. This speed and efficiency is particularly
the XMCD and total absorption spectra was also underestimportant if one is to use such calculations for quickly ob-
mated. Since, as pointed out earlier, our XMCD and totafainable results for technological applications. This analysis
absorption spectra agree with other first-principles calculahas also confirmed that expressions for the Faraday effect for
tions, this disagreement at thg edge may be expected from the optical region may be extended to the soft-x-ray region
any one-electron LDA calculation on iron. For the case ofyielding satisfactory results. The principal feature of this
nickel, because our XMCD and total absorption results are ifvork is, however, that a single calculation of all the compo-
much better agreement with experiments, we are more cofents of the COﬂdUCtiVity tensor in both the OptiC&' as well as

fident of the relative magnitudes of angles at theandL,  the x-ray region has yielded consistent results for a host of
edges. different magneto-optical effects.
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