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Substrate effects in the magneto-optical second-harmonic generation
from first principles: Fe/Cu(001)
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We compute the nonlinear optical response of an Fe monolayer placed on top of 1 to 4 monolayers of
Cu(00). Our calculation is based oab initio eigenstates of the slab, which are obtained within the full-
potential linearized augmented plane-wave method. The ground-state spin-polarized electronic structure is
converged self-consistently to an accuracy better than 0.1 mRy. Subsequently, we take the spin-orbit interaction
into account within a second variational treatment. The new set of eigenstates allows us to calculate the
magneto-optical transition matrix elements. The second-harmonic response is determined in the reflection
geometry with magnetization perpendicular to the surféioe so-called polar configuratipnsing the surface-
sheet model. Adding layers of a noble medial) to the Fe monolayer gives a new degree of freedom for the
inclusion of nonmagnetic Cd bands to the nonlinear magneto-optical response of the slab, and the energy
bands show that such an addition converges essentially to an additicstaiEs and a small broadening of the
d band with growing number of Cu layers. The screened nonlinear optical susceptibility is calculated and
converges quite well with a growing number of Cu layers. Our first-principles results confirm that the magnetic
tensor elements of the nonlinear optical response tensor are roughly of the same order of magnitude as the
nonmagnetic oneén contrast to linear optics, where the magnetic response is only a minor corjection
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[. INTRODUCTION response within the two-band motfeland a nearly-free-
electron modet? The method is extended to include more
The nonlinear magneto-optical Kerr-effé®tOLIMOKE)  than one interband transition in the work by Ishida,
has become a versatile tool for the investigation of thin filmPetukhov, and Liebsct, where an embedding approach
magnetism, as predicttfby theory. Nonlinear optics from 1S applied. The§? estimate a SHG response depth of “10

magnetic surfaces and thin films has recently been studieg 20 interplanar spacings{monolayers Kuchler and

—48 .

experimentally by several groups.®and different theoreti- frc?rkr)legfjrgffbategac\)/ne S?J?]:/ailggeo(i seroglegsmtgca(Ijsesa%rtljbger?];':(gn
. 5 )

Zzl %\?i?hnﬁgnner::;ahgﬁgeﬁfnn2;2?2220?%?;?32?(10?%2@l' ductors. For the metals, their model is based on the local
9 ’ density approximatioLDA) and the Lang-Williams chemi-

magnetic nonlinear optics is important for the characteriza—sorptiOn modef® These models may be fine for simple met-

tion of (solid-statg structures containing surfaces, interfaces,y s " pyt for transition metals a free-electron-like treatment
and various subsurface structures. Within the electric-dipolgpes not suffice.
approximation the second-harmonic signal from bulk inver- |, recent years, the time-dependent local-density approxi-
sion symmetric materials results from surfaces and intermation(TDLDA) has been developed®°~>%In a combina-
faces. tion of this approach with a jellium model, Liebsch and
The early theoretical treatments of nonlinear magnetoco-workers have performed calculations of second-
optics"? have been extended by PustogowapHer, Benne-  harmoni¢*~>" and sum-frequency generatfrfrom simple
mann, and Kraft' in order to establish aab initio theory for  metal surfaces and obtained good agreement with measure-
optical second-harmonic generatig8HG from magnetic ments on Al and Ag, and of Na and K layers adsorbed
thin films within the electric-dipole approximation. Their on Al.%°
work included the electronic band structure via a full- In the present work we aim at describing second-
potential linearized muffin-tin orbita(FP-LMTO) calcula- harmonic generation from an Fe monolayer placed on top of
tion, but was limited to constant optical transition matrix semi-infinite Cu. Starting with an Fe/@01) bilayer, we
elements. The need for calculations of optical transition mainvestigate the influence on the nonlinear optical response
trix elements based oab initio treatment of the wave func- from each additional substrate Cu layer. The number of sub-
tions has recently been filled by the work of Dewitz, Chen,strate layers we can address individually is, of course, lim-
and Hibner®®® using the full-potential linearized aug- ited. Experiments on the subjéct®®-%¢show that(i) Fe
mented plane-wavéFLAPW) method. Asada and Bhel®  grows pseudomorphically on Cu at room temperature—
have been studying the magnetic states for fcc Fe films omeaning that usage of the Cu lattice constant makes sense,
Cu(100) usingab initio methods. and (ii) the natural magnetization direction under these cir-
In Refs. 41—-44, Petukhov and Liebsch study the nonlineacumstances is along the surface normal.
optical response of Al. Their work discusses the isotropic and The electronic structure is calculated within the frame-
anisotropic bulk contributions to SHG using a two-bandwork of the wiEng7 FLAPW method®’ thus employing a
model?! frequency dependence and penetration d&p#imd  supercell approach to the thin film system. The nonlinear
in later works also the anisotropic nonlinear optical surfaceoptics is calculated in the electric-dipgleED) approximation
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using the so-called surface-sheet model, developed by Sipe, In first-priciples thin film simulations like ours, quantum
Moss, and van Drief® Usage of the surface-sheet model andwell states will inevitably be part of the pictuf&:’2

the ED is justified, since the major obstacle in the treatment In Sec. Il, we list the relevant formulas for our calcula-
of SHG from thin magnetic films in aab initio framework  tions. In Sec. Ill, we present numerical results of
is the inclusion and accuracy of the spin-orbit coupling in theNOLIMOKE for an Fe monolayer placed on 1-4 monolay-
wave functions of the electronic ground state. Furthermoreers of C{002). In Sec. lll Awe discuss the band structure of
there is no way known to include a laser field into time-these thin films, including spin-orbit effects and convergence
independent density-functional theory, thereby determining ariteria to reach bulk Cu. In Sec. Il B we show the spectral
natural penetration depth of the laser field, etc. The determidependence of the nonzero tensor elements of the nonlinear
nation of the penetration depth is needed if one wants toptical susceptibility calculated on the basis of the presented
abandon the use of a simple model surface response such laand structure. In Sec. Ill C we discuss the ability to resolve
the surface-sheet model. On these grounds, the surface-shegimmetries and nonlinear optical reflection properties in the
model has proved its valusee, e.g., Ref. 69 and referencesform of (frequency-dependenintensities. Finally, in Sec.
therein. In our paper it is assumed that the nonlinear opticalll D we show the nonlinear magneto-optical Kerr rotation
response is generated alone by the physical region where tlagle. We finish our treatment by summarizing our findings
Fe layer is preser(hereafter also referred to as the surface and discussing possible extensions to our theoretical model
and that the role of the Cu is twofol¢i) the Cu defines the in Sec. IV.

lattice spacing since Fe grows pseudomorphically on fcc

Cu(001), and (ii) the addition of Cu is expected to amplify Il. THEORETICAL BACKGROUND

the nonlinear optical response in comparison to the response
from the Fe alone by contributingielectrons to the Fe layer.

Hence, the addition of a noble metal provides us with a ne ems iS_ St"! in its infancy, we use the electric-dipdieD) .
degree of freedom. approximation. The use of the ED model seems appropriate,

The difficulty in handling calculations of NOLIMOKE on becauséi) the purpose of this work is to check the effect and

anab initio basis lies in the fact that one needs highly accu-Convergence behavior of adding Cu layers all the way start-

rate wave functions to reliably calculate the optical transition'?]g fr%m the tt))land structure, wa;he Ogtl'_?gl t.ensorlglemenéstr?
matrix elements occurring in any calculation of nonlineartN€ Observable quantities, such as Intensities and the

obti nonlinear Kerr effect, mainly focusing on their frequency
ptics. depend Furth i) the additional nonlocal contri
Tight-binding methods are insufficient for the calculation ¢€PENAeNce. Fur ermoi@) the additional nonlocal contri-

of optical transition matrix elements, sin¢e the potentials bution arising in jelliunt® for s-polarized I.ight has neither .
are inaccurate, leading to trouble with the spin-orbit cou-been .sho'wn to be of relgvance to transition metals, nor in
pling, (ii) they do not describe the hybridization of tsand combination with magnetism—not even in linear MOKE.

d electrons well. In particular, they reproduce neither the
correct symmetry nor the correct localization behavior of the
wave functions and transition matrix elements dfdectron The present calculations of the nonlinear magneto-optical
systems with sufficient accuractiii) Adjusted parameters response are based on the expression for the nonlinear sus-
are made to fit a level scheme. Finalliy,) the transferability — ceptibility derived in the usual perturbative maniesmpre-

of the parameters to the system is not guaranteed, in particlrensive details of the derivation can be found in the work of
lar the thickness dependence—they are based on results feiilbner and Bennemanf here taken in the long-wavelength
the bulk. limit "#~"® (consult also Ref. 77

Since ab initio nonlinear optics of transition metal sys-

A. The nonlinear optical susceptibility
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wherek andq are the wave vectors of the electron and the—eis the charge of the electrof,is Planck’s constarit/2,
photon, respectivelyl is the angular momentum quantum w is the cyclic frequency of the photom, is the position
number,m, andmy, are direction cosines a@f in the direction  operator, and,  is the eigenenergy belonging to the quan-
of a andb, respectively, where,be{x,y,z}. Furthermore, tum state |k,I). The spin index is dropped here, since
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the spin-orbit coupling is included in the wave
functions. e
As opposed to previous numerical studied*3we do not optical plan 5

neglect the contribution in the square brackets here. It is the
screening term that describes the linear interaction of the
generated second-harmonic light. Our way to treat the spin-
orbit coupling has been established in Ref. 38. It is treated
within second variation, and only the isotropic contribution
inside the muffin-tin sphere is included. This is justified be-
cause the spin-orbit coupling is largest close to the nucleus,
where the potential is essentially spherical. The dipole tran-
sition matrix elements are calculated using the momentum
operatorp which is connected to the matrix elements of the
position operator via

FIG. 1. The scattering geometry used in deriving B). The
polarizer angle of the incoming field is denoted gythe analyzer
in (4 Ip| 'lfj> angle for the second-harmonic field 8y and the angle/ in thex-y
<¢i|r| zpj):— E_E - (2 plane describes the rotation of the optical plane with respect to the
Mo Ej—E; probe. The optical plane is defined as the plane spanned by the
wave vectors of the incoming and reflected light, as usual.

The part of the momentum operator resulting from the spin-

orbit contributions is neglected. Hence, no spin-flip pro-jn 3 general manner, and the intraband contributions are in-
cesses are taken into account, which appears to be a goefl,ged in Eq.(1) by allowing all combinations of, I’, and
approximatior’*’® The spin-orbit coupling enters through | including| =1, etc

the ground-state solutions to a Soflirmger-like equation
where spin-orbit interaction has been added explicitly. The
magnetization enters through the spin quantization axis.
Thus, the influence of the spin-orbit coupling and the mag-
netization is accounted for in the wave functions above. The second-harmonic field is calculated using the surface

In semiconductor&’ 882 the band structure essentially sheet model by Sipe, Moss, and van DFfeThe expression
consists of valence and conduction bands, and thus in geffier the second-harmonic optical field established in Ref. 83
eral formulas for the second-harmonic response are normallig here generalizetsee also Ref. 75to include an angley
tailored to that specifi¢simplified) band structure. The con- (azimuth that describes the rotation of the optical plane with
ventionally applied indices andc for the valence and con- respect to the surface norm&ee Fig. 1 The second-
duction bands imply an energetic order of the bands that ikarmonic field projection onto the analyzer polarization
nota priori known in metals. Thud, |’, andl” are included angle® is

B. The second-harmonic field
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in which we have used a standard contracted notation ( FLAPW

above fory(®, f¢=siné/n and F,=sin®/N are projections ——

of the field at frequency» and 2w, respectively, as aré;

=41- fS2 and F.=1— FSZ. t,=2 cosdl(ncosf+f;) and

ts=2 cosbl(cosh+nf,) are Fresnel transmission coefficients Z
at frequency w, T,=2cos®/(Ncos®+F,) and T N— 142

—2 cos®/(cos®+NF,) are transmission coefficients at>? ®@®@@® BRI
and A,=27T,/cos® and A;=27Ts/cos® are transmis- @ @ @ @ ::::::::::::::::::::::::::
sion field amplitudes. Finallyn=+e(w) and N=e(2w) @%@@@@ XX
are the frequency-dependent complex refractive indices of
the substrate Cu ab and 2v. The different angles involved

in the equatlons_ abovep,,6) are defined in Fig. 1. For the electronic structure is shown to the left for 1 monolagidt. ) Fe on
angle of reflection of the s_econd-harmonlc resportse, o 4 ML Cu(002). In all cases, the vacuum in the supercell consists of
holds due _to the conservation of momen_tum along the SUlthe equivalent of 8 ML in a bulk Cu crystal. The right panel shows
face, and in the rest of the paper we will use an angle ofne syrface-sheet model implementation we use. The shaded area in
incidence of#=m/4, and an azimuthy=0. The nonlinear the |eft panel, consisting of the vacuum layers and the Fe mono-

optical intensity at the analyzer polarization andl€w), is  layer, is in our optics calculations contracted to the surface sheet
then calculated as shown on the right.

Optics
Vacuum

Surface sheet

90909999

FIG. 2. The supercell structure used in the calculation of the

. _ . 2
1(20;6,®,0,7) = €0ColE(20:6,D, ¢, y)[". ) of this and the contributions from the underlying Cu layers to
In Eq. (3), x® is calculated ink space with the charge the Fe bands. The substrate in the surface-sheet model is
density profile taken fully into account, and the quantiy ~ taken to be semi-infinite bulk Cu.
is a normalization factor for the application of the surface-
sheet model. It is in our calculations put equal to the bulk
value of the thickness of a single Fe layer.

When calculating the nonlinear optical response of a sur- The Kerr angles are calculated from standard complex-
face within reciprocal space in a full-potential calculation plane Poincarellipsometry?*~*® The Kerr rotationgy and
where the unit cell is divided into muffin-tin spheres and anthe ellipticity ex are calculated from the ratie of the com-
interstitial region(as in the FLAPW package/iEN97), one  plex Es and E; components of the second-harmonic field,
faces two problems. First, a system with a surfeseh asa «=E/E,, as
vacuum/film/substrate systerdoes not have translation in-
variance perpendicular to the film plane, which means that

C. The nonlinear Kerr effect

one has to use a supercell approach and ensure that enough tan(2 ¢y ) = m (6)
space is added between two adjacent vacuum/film/substrate 1—|«|?

systems to avoid electronic overlap, i.e., the vacuum has to

be of a certain thickness. In our work we use the equivalent

of 8 Cu monolayers as the extent of the vacuum, which sin(ZEK)=m. )
should be enough in order to ensure electronic decoupling 1+]|«|?

between films in the supercell. Second, since SHG takes

place in the surface of a structure, the interstitial region haq’hUS, the nonlinear Kerr rotation can be determined as
to be treated with care. In the work of Dewitzan approxi-

mation has been established for the purpose of calculating

the second-harmonic response from a surface. The division @_1 . 2R&x)
of the unit cell is shown in Fig. 2, and in the present work the ¢ Zarcta 1—|«|? %o, ®

nonlinear response is included only from the muffin-tin

spheres of the Fe layer and from the half-space of the intef;ere bo=0 for |k|2<1, ¢o=ml2 for |«|>>1 and
stitial region that comprises the vacuum and the vacuum/filrrhe(K);O, and¢o=— /2 for |k|?>1 and Réx)<O.
interface. After restricting the integration of the dipole tran-

sition matrix elements the wave functions are orthogonalized

by applying I1l. NUMERICAL RESULTS AND DISCUSSION
(il ) Below, the numerical calculations are restricted to the
(rlpl i) — (bl pl) — <¢_|w,><l//f|p|llfi>. (5)  case where the magnetization direction of the Fe layer is
I I

perpendicular to the surfaceM(z, the so-called polar

In our electrodynamical treatment we make the followingmagneto-optical configuration in accordance with
distinction between the surface sheet and the substrate: Tleperimerft’ for Fe on Cu at room temperature. For the
Fe monolayer and the spillout of the wave functions into the(001) orientation considered, the number of independent el-
vacuum layers comprise the surface sheet, and the seconeiments of the nonlinear susceptibility tensor is reduced to 4
harmonic generation is assumed to take place solely becaugee to the symmetry, ang® can then be writtef?
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1Fe/1Cu (001) 20 1Fe/2Cu (001) 1Fe/3Cu (001) 20 1Fe/4Cu (001)
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FIG. 3. The band structure of a monolay®fL) of Fe on top of(left to right) 1 ML, 2 ML, 3 ML, and 4 ML of Cu002). In all plots,
the abscissa is the path through theo-dimensional Brillouin zone, and on the ordinate are the eigenenergies in eV at each point on the
abscissa. The solid lines represent eigenenergies where the corresponding two-component wave function contains more than 90% majority
spin, dashed lines states with more than 90% minority spin, and dotted lines anything in between.drbanduies approximately in the
range of 4 eV to 1.7 eV below the Fermi energy, which in all cases is at zero on the ordinate.

0 0 0 | xyz= xxz© 0O Tests show there is still a non-negligible residual influ-
ence in the amplitude of the nonlinear optical response when
’ one varies the boundary between the two basis sets given by
zxxt zxxT zzz'| 0 0 0 the radius of the muffin-tin sphere. This is a result of using
(i) two different basis set expansions that are not mutually
9 orthogonalii) different approximations when using the dif-
ferent basis sets, andiii) the second-variational treat-
where the superscripts and — denote even and odd tensor menf™ of the spin-orbit coupling. Choosing too small a
elements, respectively. basis set, the wave functions may not be described accurately
Since we are aiming at describing the influence of a bulknough, whereas choosing too large a basis set may worsen
fcc Cu substrate on the nonlinear optical response of afle effects of the inorthogonality between the two basis sets.
Fe(001) monolayer, all slab calculations are done with fCCTh|s_probIem of course gets amplified when three_tran5|t|on
Cu lattice positions in thg001) orientation, and conse- _matr!x elements are.multlphed to get the result, as is the case
quently also using the bulk Cu lattice constant of 3.61 A. in this paper. We will not elaborate further on these issues
To calculate the electronic structure we use the numericdl€"® and in the remaining part of the paper simply work
packageniens?, by Blaha, Schwarz, and Luiff.Itis a full-  With the muffin-tin radius mentioned above.21 A).
potential LAPW codé® and in order to put our calculations
on solid ground we perform a self-consistent convergence of
the total energy to within 0.1 mRy. This is done using the The band structure for 1 ML Fe on top of 1-4 ML of Cu
generalized gradient approximation exchange and correlatiois shown in Fig. 3 along the path in ti{avo-dimensional
potential of Perdew, Burke, and EmnzeffofGGA-PBE,  Brillouin zone, starting from th& point, going to Xand M
with a muffin-tin sphere of radius 1.21 A, a kinetic energy (which is the fourth corner of the rectangle in the two-
cutoff of 81 Ry, and a plane-wave cutoff at 13 Ry. The maxi-dimensional(2D) Brillouin zone spanned b{-X andTI-Y),
mal | quantum number is 6 for 1-3 Cu layers, and 10 for 4back to thel’ point, out to Y, and ending at Min the polar
Cu layers. The eigenvalues are calculated in a range ffdm (001) configuration, Yshould be equal to Xin this figure,
Ry to +1.5 Ry relative to the Fermi energy, and the opticalthe majority spin stateémore than 90% majority spjrare
response is calculated within1.5 Ry, which ensures a de- plotted using dashed lines, and the minority spin statese
cent accuracy for optical responses with a fundamental inpuhan 90% minority spinare depicted using solid lines. The
energy of up to 10 eV. The number kfpoints needed for a dotted lines represent states with less than 90% of either
converged optical response has been determined in the waypin, and are mainly present in the densely populated Fe
that a sufficient number df points is reached when a 10% band between 1 and 3 eV_below the Fermi energy, as one
change in the number does not influence the graphs of thmight expect. Looking at the Moint, we observe a group of
optical response. Final calculations, including treatment obtates between 0.5 eV below and 2.5 eV above the Fermi
the spin-orbit coupling, are thus done with 230doints in  level. These are Fe states of the minority spiimostly
the irreducible wedge of the Brillouin zone, using the tetra-unoccupied, and they do not change much when adding Cu
hedron method of Blehl, Jepsen, and Anders&hand with-  layers. Their presence reflects the magnetic moment of the
out introducing inversion symmetry perpendicular to the filmstructure, and the slight disturbance in these bands can be
plane. attributed to the transfer of magnetic moment to the Cu sub-

x?=| 0 0 0 | xxz© —xyz= 0

A. Convergence of the band structure
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1Fe/4Cu (001) Looking at the lower end of the energy scale in Fig. 3, we
0NNV find the s states, which in the case of 4 Cu layers look like

they do in bulk. However, when going to less Cu layers, we

observe that these states are shifted to higher energies around

thel point, and in the bilayer they are hardly distinguishable
from the Cud states.

We may conclude from Fig. 3 that adding Cu layers gives
many more occupied states and highly dispersive unoccu-
pied free-electron states. Additionally, the distance between
energy bands is decreased with increasing number of Cu lay-
ers, giving many more possible transitions in the nonlinear
optical response. With the addition of the 5th Cu layer, the
energy bands become diffuse in the numerical step where we
S5 T T T T nl include spin-orbit coupling, and thus, magneto-optical results

r X M r Y M from our code beyond 4 Cu layers become inconclusive. The

FIG. 4. Thed band region below the Fermi energy of a mono- energy difference betwe_e_n e!genstates adrk_‘l Yin Fig. 3
layer (ML) of Fe on top of 4 ML of C4001). The abscissa is the _has peen checked explicitly in order to verify that they are
path through the Brillouin zone, and the ordinate the eigenenergie§lentically zero, as they should be due to our chosen direc-
in eV at each point on the abscissa. The solid lines representon of magnetization ¥1|z).
eigenenergies of more than 90% majority spin, dashed lines states |N the optical response, the observed broadening of the Cu
with more than 90% minority spin, and dotted lines anything |r|d band with addition of Cu IayerS should result in a monoto-
between. As before, the ordinate is relative to the Fermi energy. Nous redshift(a shift to lower energigsof the peak in the

spectrum expected at an input energy of 2 eV as more Cu

strate layers. In contrast, the occupied Fe majaditytates layers are added. For a convergent result, the increment in
mix with the Cud states. The exchange splitting of thedre this shift should be smaller and smaller for each new Cu
band is in all four cases just about 2.5 eV. We notice thatayer.
the added Cu layers contribute withdaband whose onset Here, Cu is nearly nonmagnetic, and does not contribute
is at around 1.7 eV. Comparing with photoemission experidirectly to the SHG response in our use of the surface-sheet
ments>>~% one would have expected this to be at 2.17 eV.model. However, due to the spillout of electrons from the Cu
However, this is a well-knowH°® error of the local spin to the Fe, fingerprints of the Cu will be seen even in the
density approximation(and GGA in density-functional nonlinearmagneteoptical spectrum because of variations in
theory, and its main effect on the second-harmonic respondbe wave functions that are included in the surface sheet. In
is a redshift of the peaks in the spectrum. This redshift isorder to test this expectation in the various quantities rel-
independent of the redshift we expect when adding more Cavant to NOLIMOKE we perform calculations of magnetic
layers. moments, the screened nonlinear optical tensor elements, and

For better visibility of the mixed-spin states, in Fig. 4 we nonlinear optical intensities.
show the region from 0 to 5 eV below the Fermi energy in  Magnetic spin moment&n Bohr magnetonsug) of the
the case of Fe on top of 4 Cu layers, which has the highedlifferent layers are listed in Table I. It shows that the over-
content of mixed spin states. It appears from Fig. 4 that theseshelming part of the total magnetic moment is carried by the
mixed spin states are mainly in the @uband region, and Fe layer, as one should expect. It also shows that the mag-
that the spin polarization of each band variek ispace, such netic moment is smaller than for a free-standing Fe layer
that bands whose states are well-defined as either majority ¢B.2ug). Furthermore(i) the first Cu substrate layer is al-
minority spin states at Mbecome mixed when going away ways ferromagnetically coupled to the Fe layer—in agree-
from M. ment with the results of Asada and ‘Bki*° and (ii) the

NI RRRRRRREN]
+

Energy [eV]

4

}
w

INTERTNUNE SRRSERTUR] KETURRRATN SRUTI
-

TABLE I. Magnetic spin moment&n Bohr magnetonsfor each layer in the Fe/G001) unit cell. Results
are shown for one Fe layer on top of up to 7 Cu layers.

Cu layer number

Fe 1 2 3 4 5 6 7
2.828 0.046
2.844 0.043 —0.026
2.793 0.033 —0.025 —0.003
2.792 0.048 —0.015 —0.006 —0.065
2.853 0.042 —0.016 —0.000 0.001 0.001
2.835 0.044 —0.016 —0.002 —0.001 —0.002 —0.006
2.740 0.045 —0.016 0.004 0.005 0.008 0.001 -—0.010
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Fe/Cu (001) Cu layers

FIG. 5. Nonzero tensor ele-
ments §(7) of the screened
nonlinear susceptibility tensor
® [Eq. (1)] as a function of incident
photon energy for 1 ML Fe on
1-4 ML Cu in the limit where
[d=0. @ xZ, O x&
(© x2, and(d) x!2,. The small
inset(e) showsy(? with constant
transition matrix elements.
Throughout the figure, real parts
are in gray and imaginary parts
are in black. The line styles are
encoded according to the number
of Cu layers, the solid line repre-
senting 4 ML Cu, the dashed line

mhowd

(a)

@ [pm/V]

T8 9 10
Photon energy (eV)

ot
67T 8 9 10
Photon energy (eV)
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second Cu layer is always antiferromagnetically coupled taf both the real and imaginary part of the susceptibility os-
the Fe layer. Looking at data only up to four Cu layers, therecillates, shifting to lower energies for even numbers of Cu
is a tendency of convergence in the sense that adding Gwonolayers(2 and 4, and higher energies for odd numbers
layers 3 and 4 gives further contributions to the antiferro-(1 and 3 of Cu monolayers.

magnetic coupling. This tendency disappears again from the | ooking at Fig. 5, we observe in general for all tensor
fifth Cu layer, and looking at the full data set, an oscillationelements that the most spectacular features are at fundamen-
in the magnetic moment of the Fe layer is present. Such g input photon energies below 5 eV, and that the strength of
behavior could be reponsible for the oscillatory variations ofihe tensor elements fades out at higher photon energies. This

the no;wlinear magneto-optical response observed in experfianeral tendency is in good agreement with the energy bands
ment$® as a function of the thickness of the noble metal. from Fig. 3. In agreement with previous restitsor Fe

In comparison, calculations off) 1 ML Fe on bcc monolayers we see that the magnetic tensor elenxé@)(is

Mo(110) gives® a magnetic moment of the Fe layer of imately of th der of it h
2.593ug, and the first three layers of Mo are antiferromag-approx'rna €ly ofthe same order of magnitude as the non-
magnetic tensor elements. This again confirms the higher

netically coupled to the Fe layer, and 6n 1 ML Fe on bcc . i | ) oo
W(110 gived® a magnetic moment of the Fe layer of magnetic contrast in NOLIMOKE in comparison with linear

2.536u5, and as before, the first three layers of W are anti:MOKE. The largest peaks appear in all cases in the region of
ferromagnetically coupled to the Fe layer. The differencecident photon energy starting at around 0.7 eV and ending
with our case of fcc F@01) is thus that(i) we have a higher at around 1.6 eV, fitting quite well with the transitions from
magnetic moment of the Fe layer, afi) the first substrate the occupied Fe/Cd band to the unoccupied portion of the
layer is ferromagnetically coupled to the Fe. However, the=ed band.
next three layers are antiferromagnetically coupled, as in Going more into detail, one should bear in mind that the
these two cases, at least until more layers are added. nonlinear optical tensor elements consist of sums over many
states that in general cannot individually be identified. We
observe from Fig. 5 the following(i) The magnetic tensor
eIement)(ﬁ(f,)Z shows in the real part a pronounced peak
The real and imaginary parts of the four independent nonground 1 eV that moves a little bit down for the second Cu
zero tensor elements(3)) of the screened nonlinear suscep- layer, but appears to be moving back up again for the third
tibility tensor are shown as a function of the incident photonand fourth layer. The slope at the zero crossing on the high-
energy in Figs. @-5(d) in the limit where|q—0. The energy side of this peak, however, obeys the general ten-
small inse{Fig. 5e)] shows the response for constant matrixdency of a monotonous redshift for increasing thickness of

B. The nonlinear susceptibility tensor

elements. the Cu that we expect from the broadening of thedhand.
First of all, let us emphasize that the very presencg(( A smaller peak is observed starting around 3 eV and moving

in Fig. 5 clearly demonstrates that nonlinear optical suscepto lower energies to about 2 eV for four Cu layers. In the

tibility tensors are now accessible usial initio methods —  imaginary part, a peak starts at a little above 2 eV for the

including magnetism and substrate effects. The result fobilayer, and it moves gradually downwards in energy until it
constant matrix elemeni&ig. 5)] is that the peak position has reached 1.5 eV for the fourth Cu layér) The usually
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(a) Fe/Cu (001) 4 ® p—s Cu layers
o=0 4:

FIG. 6. Nonlinear optical re-
sponse of a single Fe monolayer
on top of 1-4 Cu monolayers is
plotted as a function of the inci-
dent photon energy fdi) s polar-
ized input as well as outputb) p
polarized input withs polarized
output,(c) s polarized input wittp
polarized output, andd) p polar-
@ 5ol @ ized input and output. In all plots,
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dominating tensor element2),is in our calculation the larg- that of Fe, i.e., adding Cu layers to the Fe, one woulgelg
est as well, but not in any way so large that it can be said t@xpect the response of Fe with minor corrections, but even
be “dominating.” It has a strong peak in the real part alsothe presense of a few Cu layers changes the response much
around 1 eV, but it tends to be a little bit displaced to highermore. This quite strong effect of the presence of thedCu
energies compared to the peak for the magnetic tensor el®and edge has been observed also in linear magneto-
ment. The imaginary part shows a strong peak at just belowptics'®’ but is even stronger in the nonlinear case.
1 eV, except for the Fe/@Q01) bilayer, where pronounced
peaks are found at around 2 and 3.5 eV. That the response ) )
does not peak at the exact same frequencies as for the mag- C. Nonlinear optical spectra
netic tensor element is very pleasing, since the peaks of the Nonlinear optical intensities are obtained by Ed),
zzzelement are almost an order of magnitude larger thagvhereE is to be taken from Eq(3). In Eq. (3) we use an
those of thexyz element.(iii) The nonmagnetic tensor ele- input electric field E, of 10° V/m, and the frequency-
ment (>, has strong peaks in its real part around 1 and 2 eVdependent complex refractive indices &4nd N) of the Cu
while the imaginary part has them around 1.5 and 3.5igY.  substrate in the surface-sheet model are taken from the ex-
For the last tensor elemer)‘tgzx)x, the real part shows a peak perimental data in Ref. 108, since no reliable computation
located slightly above 1 eV that shifts down a little whenbased on DFT is availabled(band position, see aboyve
adding Cu layers. Another peak between 2 and 3 eV showSherefore, they(?) computed previously gives rise to the
the same behavior. In the imaginary part, the largest peakonlinear polarization of the surface sheet—including the
starts above 2 eV and shifts downwards to around 1.5 eV atontributions from substrate layers via hybridization of the
the presense of the fourth Cu layer. It is surrounded by twdands, while the medium underneath is treated in the frame-
other peaks that get stronger when Cu layers are addedjork of the above-mentioned experimental data. Thus, for
while the main peak gets weaker. the linear propagation of the second-harmonic field, the Cu

Experiment$”1%2 suggest that the influence of the thick- block underneath gives rise to a bulk substrate effect in ad-
ness of Cu on SHG persists until at least 20—30 ML, and thadition to the first-principles contributions from the Cu layers
the (lineart®®!%*as well as SHG'®) response oscillates with placed under the Fubstrate surface effest€onsequently,
variation of the noble metal thickness. Thus, convergence imterference from{several complex tensor elements with the
not expected at 4 ML, although our calculations show thatinear optical properties occurs, and we do not expect a one-
results for 3 and 4 ML are pretty close to each other—into-one correspondence between the peaks observed in the
particular the results for thezz element, which in free- nonlinear optical susceptibility and the peaks that will be
electron-like metals usually dominat¥§. present in the nonlinear optical spectra.

It is remarkable that the effect of the nonmagnetic Cu In Fig. 6 are plotted the resulting nonlinear optical inten-
shows up in the nonlineanagneteoptical response. Cu is sities fors and p input and output polarizations. The main
known’® to give a response that is a factor of 50 smaller tharpeak rising position from the low-energy side of the spec-
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trum (long wavelengthfits very well with the experimental (a)
data on pure C@01 of Petrocelli, Martellucci, and
Francinil®® That this is the case clearly demonstrate the
strong influence of thelinear optical properties in the
surface-sheet model, since if our nonlinear optical suscepti-
bility were dominating, then the main peak position would
have undergone a redshift due to the wrong position of the
Cu d band. Furthermore, it is interesting to notiGes op-
posed to the nae expectation of seeing a slightly modified
Fe responsethat the second-harmonic response fits to Cu
data.

By plotting the symmetry-forbidden polarized response
from s polarized inpuf panel(a) in Fig. 6], we get an esti-
mate of the noise level in our calculation. We observe that
our calculations separate this forbidden response from the
allowed responses by 30 orders of magnitude. Otherwise, as
expected from the nonlinear susceptibility, the main features
in the nonlinear optical spectra occur below a photon energy
of 5 eV, and the largest response arisesgf@olarized input
and output. Convergence as a function of the number of Cu
underlayers is worse than that for the screened nonlinear op-
tical susceptibility tensor, since the intensitigs are func-
tions of squares of many comple¥?, and (ii) additional
linear optical effects are present via the Fresnel coefficients.

Two configurations have the presence of only one nonlin-
ear optical tensor element, naméily the case of polarized
input andp polarized output, where only(3,= ') contrib- 0
utes, andii) whenp polarized input gives polarized output
— here, onlyx{?,=—x2, contributes. Comparing the re- o _ o _
spective panels of Figs. 5 and 6, we observe that just as the FIG. 7. Variation of the mp_ut polarization angle, for an input
peaks in Fig. &) tend to be sharper than the peaks in Fig.Photon energy of 1.5 eV, an input angle-/4, and analyzer po-

- . - larizations(a) p and(b) s. As in Fig. 5, the line styles are encoded
Eijbtgi(i?\rg]]d gtlgtheC) :ﬁ;lﬁur;”ovv\\ll: ' &%Igepfﬁgttrt‘ﬁg Fol?g ()=,6r- of- according to the number of Cu layers, the solid line representing 4

. . ML Cu, the dashed line 3 ML Cu, the dash-dotted line 2 ML Cu,
magnitude difference between the largest featuraghand and the dotted line 1 ML Cu.

X(yf()z are reproduced in the peak heights of the intensities as
the square of this, as one would expect. These are the only minima, and they are true minima, not
Varying the azimuthy simply reproduces the fact that the zeros, since ap=m/2 a nonzeroy!?, ensures a nonzero re-
sample is completely isotropic whéu||z (not shown. Vary-  sult, even for Cu alone. Maxima occur for all numbers of Cu

ing the angle of incidencé produces a trivial result depend- layers at integer multiples af. Thus, with the analyzer ori-
ing only on the geometry, since in our calculationsyé’,  ented in thes direction one has a better tool to reveal the
|g|—0. presence of magnetism than if it is transmitting thpolar-

In Fig. 7, the input polarization angle is varied for fixed ization. Furthermore, we observe from Fida)7that the in-
output polarizationg and s, fixed incidence anglé=n/4  tensity (i) is small for the Fe/C{®01) bilayer, (i) becomes
and photon energy 1.5 eV. The SHG signal reproduces theharply higher when the second Cu layer is added, (@ind
twofold symmetry, as expected. Taking a closer look at thehereafter drops monotonically. This is in contrast to the case
lower panel of Fig. s polarized outpyt we recognize two  of s polarized outpufFig. 7(b)], where the intensity in many
zeros atp=m/2 ande=3m/2, which correspond to thepo-  regions of the polarizer angle increases for each new Cu
larized input. While these two zeros stay at the same angliyer added. The form of the curves agrees with experiments
for all Cu layers, two other minima appear to be movingon polycrystalline CuRef. 110 as well as on C{©01).%3
when the number of Cu layers change. In addition, the That the minima in Fig. & do not go to zero in our
maxima also move as a function of the number of Cu layersglectric-dipole model is attributed to transitions involvidg
That there are two minima and two zeros instead of fourstates, which are enhanced due to the presense of the Fe layer
equivalent zeros at half-integer multiples ef shows the  (dipole transitions involving states are forbidde/® Addi-
breaking of symmetry by the presence of magnetism, sincéonally, the presence of the Fe layer is responsibiepar-
for p polarized input ang polarized output, only the mag- ticular, the majorityd state that approaches the Fermi energy
netic tensor elemer)zf(zy)Z contributes to the nonlinear optical at the M point in Fig. 3 for the fact that going to energies
response. In the case ppolarized outpufupper pane(a) of  that exclude the Cd band, the respong@ plots equivalent
Fig. 7] we also observe minima farpolarized input beams. to Fig. 7) does notreproduce the cdg-like behavior of go-
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FIG. 9. The nonlinear magneto-optical Kerr rotation for 1 ML
Fe on 1-4 ML Cu. As in Fig. 5, the line styles are encoded accord-
ing to the number of Cu layers, the solid line representing 4 ML Cu,
the dashed line 3 ML Cu, the dash-dotted line 2 ML Cu, and the
dotted line 1 ML Cu.

FIG. 8. Magneto-optical asymmetry for variation of the input
polarization angleg, for an input photon energy of 1.5 eV, an input
angle #=/4, and output polarization®) p and(b) s. As in Fig. 5,
the line styles are encoded according to the number of Cu layer
the solid line representing 4 ML Cu, the dashed line 3 ML Cu, the
dash-dotted line 2 ML Cu, and the dotted line 1 ML Cu.

that the asymmetry is very smaé# few percent whereas the
asymmetry for thes polarized analyzer angle becomes close
to unity at the minima occurring in Fig.(@). The effect of
changing the magnetization direction is in this case very dra-
matic. However, in order to observe the influence of chang-

ing to zero fors-polarized incident light that is present in the iNg the magnetization direction the input polarizer must be

numerical work of Ref. 83 for the G001 surface, as well as turned away from the pureandp directions. With respect to

in the experiment of Ref. 109 for an oxidized Cu surface. the curves of Fig. 7, reversing the magnetization direction is
Experimental work by Vollmer, Straub, and Kirschffer equivalent to a mirror operation in the curves of Fig. 7

for a clean C(001) surface suggests that intensities §and ~ around the valug=/2.

p polarized output, when scannig have the same order of

magnitude. While we in Fig. 7 find much higher maxima for D. Nonlinear magneto-optical Kerr effect

p polarized than fos polarized SHG output intensity, a con- Last] dt tth t fraqil it

jecture suggests that the difference in intensities will get astly, we proceed fo present the most fragie resufs,

smaller when one adds Cu layers, thus giving a strong con?amew the nonlinear magneto-optical Kerr rotation. Seen in

tribution from the substratéimited to the penetration depth, tgevg?ht ?L;'%ii'l dﬁ a\?v?tr? ,ﬂ(])gemsrll(:ulﬂ;épneg;;hre K:;r\;g?t‘:;n
or course. In addition to the contribution we can predict ya y put p gy

from our model, electric-quadrupole contributions are ex—the number of Cu layers. The result is presented in Fig. 9.

. A ) . ; .. " The nonlinear Kerr rotation shown in Fig. 9 has been limited
pected to give significant, possibly anisotropic, contribution e . e
to the bulk part of the responS&For the Fe layer, the bulk o the range] —m/8:+mi8] in order to show the variation

does not contribute to anisotropies, so our model with one Fgetter. For 1 ML Cu, the peak at 4.8 eV goes down to ap-

layer on a number of Cu layers should fix the Fe Comribu_prommately—77/4. For 2 ML of Cu, the peak at 5 eV goes all

tions while it adds information about the contributions from the way (2m) around. Also, there are some regions on the

underlayers of Cu, and Cu changes the Fe intensity dramatf'©'9Y sc_ale where the re_sults for 3 and 4 ML of Cu are quite
cally. close. This could be a sign of convergence for thicker Cu

To emphasize the influence of magnetism on the secondgyers'
harmonic response we have in Fig. 8 shown the magneto-
optical asymmetry IV. SUMMARY AND FUTURE PERSPECTIVES

I(M]|z) =1 (M]|—2) We have pfesented an attempt atam initio nonlinear

= [(M[2)+1(M[-2)" (10 optics calculation for a monolayer of Fe placed on &00d)
substrate. We have demonstrated that a calculation of the

for varying the input polarization angle. For comparative nonlinear susceptibility is feasible, even when magnetism is
simplicity, we have plotted them on the same s¢al@w]as included. The energy bands show a nice convergence to a
in Fig. 7. It should be noticed that at the four configurationssimple addition of Cud states and a slight broadening of the
given in the intensity plots of Fig. 6, the asymmetry is ex-d band takes place when one adds more Cu layers. The non-
actly zero(due to the adopted perpendicular direction of thelinear optical susceptibilities show the expected behavior of
magnetization For thep polarized analyzer angle, we notice a redshift in many of the features, but not all, and the ten-

174409-10



SUBSTRATE EFFECTS IN THE MAGNETO-OPTICA. . . PHYSICAL REVIEW B 65 174409

dency to convergence at the fourth Cu layer is not as proerbit interaction. When these points have been explored
nounced as in the energy bands. The intensities, howevat, will also make sense to take a closer look (at) the
do not show similar signs of convergence, which we attributeslectric-dipole approximation, andv) the surface-sheet
to (i) the dependence on the square of a sum of many conmodel. These are all very tough problems to deal witahn
plex tensor elementgji) the continuing buildup of uncer- jnitio calculations.
tainties in each of the nonlinear susceptibilities—more lay-
ers, more terms in the sum of each tensor elem@ny,the
presence of linear optical artifacts in the denominators of the
field projections and Fresnel coefficients, aind the exis-
tence of quantum well states in the nonmagnetic substrate. Stimulating discussions with M. Nyvlt and R. Volimer are
This, of course, also affects the nonlinear magneto-opticagratefully acknowledged. Additionally, we acknowledge
Kerr rotation. computational vector optimization support by Rechenzen-
Even though this is arab initio calculation, there are trum Garching, GarchingMunich), Germany, and financial
some points that attract attention as to what can be improvesupport by the European Union “Training and Mobility of
in the future. Among points in the model that need attentiorResearchers” network programs “Nonlinear Magneto Opti-
in order to give a more realistic description drethe posi- cal Kerr Effect(NOMOKE)” and “High Frequency Dynam-
tion of the Cud band and the excited stat€s) the supercell ics of Mesoscopic System®YNASPIN)” under Contract
concept(the periodicity along the surface normal should beNos. ERB-FMRX-CT96-0015 and ERB-FMRX-CT97-0124,
abandoney (iii ) the non-spherical contributions to the spin- respectively.
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