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Surface effects and structural dependence of magneto-optical spectra:
Ultrathin Co films and CoPt,, alloys and multilayers
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First-principles calculations of the optical conductivities and magneto-optical Kerr effects for bulk and thin
films of Co and for CoRtalloys (n=1 and 3 and multilayer 6=3) are carried out using the full potential
linearized augmented plane wave method with the local spin density approximation. For fcc bulk Co, we obtain
a negligible dependence of the polar Kerr rotation on the direction of magnetization. By contrast, the calculated
Kerr spectra of CoRtare found to be very sensitive to structural changes. Fe0@p and Cg111) ultrathin
films, the surface effects cause a redshift for the high-energy peaks in the magneto-optic Ke(iVEIi<E)
spectra, mainly due to band narrowing. Except for the free standirif@0CQomonolayer, the profile of their
MOKE spectra, however, is very close to that of bulk €80163-1829)04313-]

I. INTRODUCTION I. METHODOLOGY

For the first-principles electronic structure calculations,

. L o we employed the full potential linearized augmented plane
been used as an e;sentlal tool forsitu mvestlgatlo_ns of ave (FLAPW) method? without any artificial shape ap-
surface magnetism in recent ye.érAIsoz spurred by its po-  56yimation for the wave functions, charge density, and po-
tential application in high density optical storage media, &gngjal. The core states are treated fully relativistically and
great number of magneto-optic experiments for various Maghe valence states are treated scalar-relativistically within the
terials have been performed aiming at the fabrication of magrgmework of the local spin density approximatidrSDA).
terials exhibiting desired magneto-optical properfiggol-  The spin-orbit couplingSOQ part is invoked in a second
lowing the early work by Argyre$ Bennett and Sterfiand  variational way'® Using the FLAPW wave functions and
later by Callaway and Warjtheoretical studies of MOKE energy eigenvalues, the elements of the optical conductivity
based on modern local spin density functional electronidensor due to the interband transitions are calculated with the
structure approaches have made significant progress in thieear response theory—by solving Kubo’s formula for the
last few years. Both optical conductivities and MOKE spec-current response to the time-dependent external field. The
tra can be directly determined by first-principles calculationsdiagonal and off-diagonal conductivities are givert‘by

with an impressive accuracy compared to experiment. Many

metals and metal compounds have been investigated je? |H§<j 2/ 1 1
theoretically not only to predict magneto-optical materials xx(®@)=
not yet been made experimentally but also to provide better
explanations for the experimental results.

Recently, extensive studies of Fe, Co, and Ni systems _ie? D 1 TGIT, I I,
discovered that their MOKE spectra depend sensitively on T m2E G E_” w+id— ¢ T wtidst €ij
many factors such as lattice size, exchange splitting, spin- (1
orbit coupling, orbital magnetic moment and even the orien-
tation of the magnetizatioft:*° This paper reports results of wherei,j go over the occupied and unoccupied states, re-
our first-principles investigations for the MOKE spectra of spectively ;=E;—E;). Neglecting the small spin-flip
Co in various environments, e.g., fcc bulk Co,(Q@1), and term, the relativistic momentum operaldrcan be simplified
Co(111) surfaces and CoPt compounds. The calculatedurther to —i%V.°> The conductivity is integrated over the
MOKE spectra for fcc bulk Co are found to be almost iden-complex energy plane by introducing a finite phenomeno-
tical when the magnetization points along tf@01) and logical inverse relaxation timej=0.5 eV. As proposed by
(112) directions, which confirms the conclusion obtained Oppeneeeet al., this allows one to calculate the absorptive
previously from both calculatiofi€ and experiments for  and dispersive parts of conductivities simultaneously without
fcc bulk Co with the magnetization along tf@01) and(110) the Kramers-Kronig transformations. The speckapoint
directions. For the free standing fcc Co ultrathin films, themethod with Gaussian broadening was used for the Brillouin
optical conductivities and MOKE spectra depend sensitivelyzone integration adoptinigpoints in the irreducible Brillouin
on the thickness—indicating the presence of strong surfaceone corresponding to 420) meshes along each of the two
and quantum confinement effects. (three reciprocal lattice axes for thin film&ulk).

The surface magneto-optical Kerr effe@MOKE) has
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The magneto-optical Kerr angles can be obtained from the
conductivity tensor by solving the macroscopic electromag-
netic boundary problem for a given geometry. For the polar
geometry in which both the magnetization and the wave vec-
tor of the incident light are perpendicular to the surface, the
complex Kerr angle for the beam reflected from the surface
of a magnetic material with a rotational symmetry higher
than three-foldso that the complex conductivity tensor ele-
ments satisfyr,,= oy, ando,,= — ay,) can be expressed as
a function of the photon energy,

o ™ (10"

. Oxy T
O+ie=— . , (2 8
o N1+idmoylw s

where § and e are the Kerr rotation and ellipticity, respec- ag
tively. Note that the intraband transitions are not included in s .
Eqg. (1). So we add a Drude termg=o0o/(1+iw7) (with B X R R
00=5%x10"% s, 1/r=0.02 Ry?) into the diagonal ele- Photon energy (eV) Photon energy (eV)
ment of the conductivity tensor for the determination éf . .
ande. FIG. 2. The absorptive parts of the conductivity tensor of fcc

ee standing(111) [(a) and (c)] and (002) [(b) and (d)] Co thin
ilms with thickness of 5(dotted curve, 3 (dashed curveand 1
(dot-dashed curyeatomic layers(a) and(b) shows the real part of

Note that the FLAPW approach has the most accurat
description of the wave functions in the interstitial region,
e ey . a0l et vl 3l shos e maganypar o
found that the interstitial plane waves gave a nontrivial con-Offl'.gllIagonal elementyayy . Result for fee Co bulkis also given in
tribution in the evaluation of the relativistic momentum ten- > """
sor. We expect that the results provided here can serve
good references for other calculations using different ban

structure methods.

3—5@. 1, accompanied by the experimental results. Our results
with the intraband contributions includéthick lines repro-
duce the overall features of the experimental spectra very
well, except that the position of the second peak is overesti-
mated by 0.5 eV for both the rotational angle and the ellip-
A. fcc bulk Co ticity. It is obvious that the Drude term is very crucial for the

We first show the calculated polar Kerr spectra of fcc bulkdetermination of the MOKE spectra since, as shown by the

Co for magnetizations along both th@01) and(111) axes in thin dotted line in Fig. 1, the agreement between theory and
experiment becomes very poor without this term. Surpris-

ingly, our calculations indicate that the inclusion of the
' T ' ' ' Drude term affects the ellipticity in a wide energy rarige
to 5 eV) whereas the rotational angle is strongly altered only
in the lower energy regime<(2 eV). The present results
for fcc bulk Co are very similar to those given by Oppeneer
et al. [using the augmented spherical wa#SW) method]
and Guoet al. [using the spin-polarized relativistic linear
muffin-tin orbital (SPRLMTO method with an improvement
of the atomic sphere approximatidASA)°] but are quite
different from that given by Gasclet al. (using the LMTO-
ASA approach!® As found previously for the(001) and
(110 magnetization&?® a very small deviation can be found
between the MOKE spectra for t§601) and (111) magne-
tizations. This is expected since the magnetic anisotropy en-
ergy in this cubic system is very small.

The elements of the conductivity tensor, namety, and
oyy, are plotted in Fig. 2. We can see that the two major
peaks around 2.0 and 4.5 eV in the MOKE spectra are due to

FIG. 1. The calculated and experimental results of Kerr rotationthe strong peak imr,, and the dip inoy, respectively. The
(6¢) and ellipticity (ex) for fcc Co bulk. Our results including the change of magnetization direction slightly alters betf,
empirical Drude conductivity are shown for two magnetization di- and oy .
rections,(001) (thick solid curve and (111 (thick dashed curve

IIl. RESULTS AND DISCUSSIONS

Complex Kerr effect (deg)

Photon energy (eV)

while the interband spectra without Drude conductivity {001 A
magnetization is also givefthin dotted curvg The curves with B. Co(001) and Ca(111) ultrathin films
data points are experimental resuftsor magnetization direction In previous LSDA calculations, the bulk conductivities

along (00J) (circle) and (110) (square. were used to calculate the MOKE spectra. This appears to be
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correct for systems with thick magnetic films since the light 8.0 . ‘ . ;
penetration depth in the MOKE experiments is about 100 A, majority | minority
and it is known for metals that the surface effects on the N y

electronic and magnetic properties are limited to within a e
few atomic layers. The surface effects on the MOKE spectra,
however, have not been studied so far by means of first prin-
ciples approaches. For ultrathin overlayers, this has been ac-
counted for within a macroscopic description by adapting the (a) .
bulk conductivitie$® and has provided reasonable agreement T T Te0 1 6
with experiment for 20 A overlayer thlckne_ss._ But thls pro- Photon energy (eV) Photon energy (V)

cedure fails to explain the MOKE of ultrathin films with less

than 20 A overlayer thickness—including, for example, the FIG. 4. The absorptive part of off-diagonal conductivity of fcc
oscillation of the Kerr rotation with layer thickness observedCo bulk (solid curvg, (111) monolayer(dotted curvg and(00J)
widely in experiment? It thus is very important to investi- monolayer(dashed curvefor each spin channel.

gate the thickness dependence of the MOKE spectra in the

ultrathin regime since in most practical systems nowaday(s_:0 monolayers. They thus cause the redshift and, mean-
the magnetic layers are _r(_educed toa feyv atomic monol_ayer hile, a significant change in the magnitude of the conduc-
The optical conductivities due to the interband transnmnstivity_ While the redshift occurs gradually as the film thick-

for the Cq001) and Cd¢111) ultrathin films with 5, 3, and 1 ness decreases, the change in the magnitude of the

atomic layers are plotted in Fig. 2. Clearly, the surface ef'conductivity is influenced in a more complicated way. From

fects are very localized since the curves for three- and ﬁveFigs. Fa) and 2b), the magnitude of the diagonal conduc-
layer thick slabs are already very close to that of bU|k. CO“(ivity of the thin films is strongly enhanced in the low-energy
Note that due to band narrowing, the peak structures in thF’egion (<2 eV) compared to that for bulk Co. According to
range 4.0-4.5 eV gradually shift towards the low-energy re'ﬁq. (2), this change is expected to reduce the Kerr rotation.
gion as the film thickness decreases, as can be seen by t €In order to see the surface effects, we give the Kerr rota-

arrows pointing to the local minima of the diagonal Conduc'tion calculated from Eq(2) for the Co thin slabs in Fig. 3,
tivity [Figs. 2a) gn_d Z.b)] and the shoulder_s qf t_he Off- together with the bulk spectrum. Since the Drude parameters
d|aggna| andUCt'V'MF'gS‘ 4c) and 2d)]. This |nd|ca§es are not available for the Co slabs, the intraband term is not
that if one includes the surface effects rather than using thﬁmluded for all the curves in Fig. 3. As expected, the MOKE
bulk conductivity in MOKE calculations as done previously, spectra of the thin films exhibi(ii a' monotonic rédshift for
the high energy structure in the MOKE spectra will show Ahe high-energy peak as the thickness decreases(iana
redshift. . . . reduction of the rotation angle in the low-energy region. In-
Th.ese structural changes in the optical conductitaiyd terestingly, these results appear to indicate that surface ef-
thus in the MOKE spectjadue to surface effects are some- fects play a role similar to the Drude term and thus can be

what similar to the effectg of a lattice gxpansiqn. Oppenee[lsed to improve the agreement between LSDA calculations
et al.” reported that for Ni a larger lattice spacing causes 3nd experiment

redshift of th_e high-energy peak_of MOKE. Here, surface It is important to point out that a remarkably different
effects result in bOth. band narrowing and an enhan_cement %sult is obtained for théD01) monolayer. As can be seen in
the surface magnetic momefﬁActually, the magnetic mo- Fig. 2, the absorptive part of the off-diagonal conductivity
ment of 1.6%g for bulk Co is gradually enhanced as the " e cq001) monolayer shows a very different behavior
thickness decreases, giving 1'70(1/15)1'77(1'8_1)‘5' compared to the other thin films: there develops a negative
and 1'9_5(2'07/)3 for the (,11]) [(00D] free.standlng Co peak in the low-energy region and a new positive structure in
slabs with 5, 3, and 1 atomic layers, respectively. @h@and  yhe region around 6 eV. For a more detailed analysis, we
width 5.8 eV for fcc bulk Co, is reduced t0-43 eV forthe  yecomposed our results into contributions from the two spin
parts. As shown in Eq(l), the conductivity is given by a
sum of the multiplication of two momentum operator matrix
elements estimated by the relativistic spin-mixed LSDA
wave functions. Clearly, it is feasible to make a spin separa-
tion for o, and oy, when the spin-flip term is negligible.
The spin-decomposed results of the absorptive off-
diagonal conductivities for the @01 and C¢111) mono-
layers and for bulk Co are given in Fig. 4. Note that the sum
of the two spin channels reproduces the total off-diagonal
conductivity (see Fig. 2 very well for each system, which
implies that the spin-flip contribution is truly negligible. The
Co(111) monolayer shows a similar profile to that of bulk Co
for both spin channels, but the width of the spectrum be-
FIG. 3. The calculated Kerr rotation for fcc Co thin films with comes much narrower. The significant difference between
thickness of(@ 1, 3, and 5 atomic layers fdfi11) and(b) 3and 5 the spectra for G@01) and C¢111) suggests the sensitivity
atomic layers fox001), given together with the calculated result for of the MOKE spectrum to changes of local symmetry and
fcc Co bulk for comparison; the same notation as Fig. 2 used.  coordination number for magnetic monolayers. As expected,
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TABLE I. The magnetic moments! (g) and the relative SOC
strength(Ref. 20 of Pt &£ for CoPt with respect to CoPt values.
Negative¢ value means that it is reduced from the value of CoPt.
CoPtL1,) CoPt multilayer CoPj alloy
=]
M(Co) 1.84 1.99 1.85 )
M (Pt 0.41 0.320.2)) 0.29 5
[4]
S
ptsoc 11 |l T i I 1 5
X
I 1 1 9% -9(%) -9(% -9 (%
=2 1 1 —2% -1% -2%) -1(%)
&2 1 1 +4%)  +4%) 4% +4(%)
5'52 1 1 +10%) +10%) +10%) +10(%) 15 L . , s

0 1 2 3 4 5 6
Photon energy (eV)

these two monolayers give similar contributionsotg, from
the majority spin parithe d band is filled so it is not so
sensitive to the change of environmenthe drastic differ- X X . . e
PR ; . - (Ref. 22, plus signs: experimerigiven by open circlesmultiplied
ence occurs for the minority spin part; instead of giving a y 1.5, CoPt multilayer (dotted curve: present resyltsand

gozltilxihpeeﬁjli/vf-%rngtrherrSeyS{E)enn}z,r ?hlgrgnem%eg%t:]v;apiark deve?foPg(le) alloy [dashed curve: present results, filled square: ex-
p gy reg yer. periment(Ref. 21)].

FIG. 5. The calculated and experimental results of Kerr rotation
for CoP{L1,) [solid curve: present results, open circles: experiment

C. CoPt, alloys and multilayers i
b alloy Y et al® with the LMTO approach. Here, however, the ampli-

Due to its large SOC strength and induced magnetic mog,de of the Kerr rotation is relatively stronger.
ment, Pt has been considered a good ingredient for novel the 5oC strength is known to play an important role in
magneto-optical materials and has been widely studied i getermination of the Kerr rotations; a linear scaling was
compounds with 8 magnetic transition metals. We calcu- ¢, ,nq for pulk transition metai&For Pt-3d transition metal
lated the MOKE spectra for bulk CoPt and CpRilloys 5 nqunds, model calculatidi®® manipulating the SOC

(with the L1, and L1, structures, respectivelyand the  gyengih revealed that a suppressiortgf Pt) changes the
CoPg mulilayer. The magnetization aligns along Y81\ oKE spectra strongly in both their profiles and magni-

direction, and we use the experimental Iattic_e cons%%_lffmr tudes. By contrast, a change &f,(Co) does not alter the
the CoPj multilayer, the nearest Co-Pt distance is taken,ofije of MOKE spectra but reduces their magnitudes. As
from the CoPj alloys). The calculated magnetic moments geen from Fig. 5, a significant difference can be found be-
and the relative SOC strengftof Pt, £so(P1), with the value  yeen the MOKE spectra for the CaPmultilayer and the

for CoPt as a reference, are shown in Table | for some of thespe gj10y, despite the fact that they have almost the same
dominantp and d states. As the Pt composition increasesp; 5o valueg¢see Table)l Therefore, the structural depen-
from CoPt to CoRy, the induced magnetic moment of the Pt 4ece for CoRtin our result seems to be explained by the
atom (0.4)g in CoPy decreases and gives close values inchange of band structures in the different geometries rather

both the CoPRy multilayer (0.3%:5) and the CoRtalloy  han the correlation between the MOKE and SOC strength
(0.29ug). The Co magnetic moment (1,84 in CoP) re-  entioned above.

tains its mggnitude in the CoPalloy but .increases in th_e Compared to experimerisee Fig. 5, our results for the
CoPt multilayer (1.99cg). In contrast with the magnetic copt and CoRtalloys show much larger values of the Kerr
moment, the SOC strength appears to be less sensitive fgtational angle. The experimental spectra exhibit a two-peak
structural differences: as the Pt composition increases frorgyy,cture for both CoPt and CaPalloys. We obtained this
CoPt to CoPy, the change of the Pt SOC strength reaches gatyre for CoRy alloy but not for CoPt. The discrepancies
maximum of 10%—hbut for a given set of,(,u, spin, the  can arise because 6 the existence of defects in the sample
same changes are found in the GoRlloy and multilayer. (ii) the unsaturated magnetization in the experiment(@nd
We found(not shown in Table)lthat theés,(Co) shows a the use of Drude parameters of bulk fcc Co in our calcula-
negligible change €1%) in going from CoPt to CoRt tions. In addition, zero temperature is assumed in the calcu-
The calculated MOKE spectra for the three systems ar¢ations whereas the experimental data are usually taken at a
given in Fig. 5 and are accompanied by their experimentahigher temperature. Actually, Wellet al?* scaled their ex-
counterparts. We obtained a large Kerr rotation angle of uperimental data for CoPty a factor of 1.5 to take account
to 1° for CoPt. As the Pt composition increases, the goPtof temperature effects. If the same prefactor is used for CoPt
multilayer shows a reduction of the spectrum in the whole(as shown by plus sighsour result traces the measured
energy range, whereas the CpRloy exhibits a new struc- curve quite well. For CoRtalloy, which presents the same
ture with two distinct peaks at 2 and 5 eV, among which thefeature with two major peaks but different peak position and
second one reaches 1°. This dependence of the MOKE spemagnitude, the difference also can be attributed to the differ-
tra on the Pt composition and arrangement is somewhat simence in the magnetization directiftihe experimental results
lar to the results for CoR{111) multilayers obtained by Uba are for polar MOKE along thé111) direction].
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IV. CONCLUSIONS results in a different structure of the MOKE spectra for the

CoP4 alloy. This structural dependence is found to be hardly

explained by the change of Pt SOC strength and its effect on
the MOKE, even though the large MOKE spectra of CoPt

compounds has been mainly attributed to the large Pt SOC
strength.

In summary, we performed first principles calculations of
MOKE for fcc bulk Co, free standing @601) and Cq111)
thin films, CoPj alloys (h=1 and 3, and multilayer @
=3). We found that the anisotropy of the MOKE spectra
about the(001) and(111) magnetization directions is negli-
gible for bulk Co. The surface effects induce a redshift for
the high-energy peak and reduce the Kerr rotation angle in
the low-energy region due to the narrowed bandwidth and Work supported by the Office of Naval Reseak@rant
enhanced magnetization. The increase of Pt compositioNos. N00014-94-1-0030 and N00014-95-1-04&hd by
with respect to the CoPt layered alloy reduces the amplitudgrants of computer time at the NAVO Supercomputing Cen-
of the MOKE spectra for the CoPimultilayer, whereas it ter and at the Arctic Region Supercomputing Center.
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