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Surface-induced transverse magneto-optical Kerr effect

A. V. Petukhov* A. Kirilyuk, and Th. Rasing
Research Institute for Materials, University of Nijmegen, 6525 ED Nijmegen, The Netherlands
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We predict a magneto-optical Kerr rotation from a magnetized surface imathgversegeometry at normal
incidence which idinear in the surface magnetization and is forbidden in the bulk. Bhiface-induced
transverse magneto-optical Kerr effe@ITMOKE) is found to vanish at most bulk-terminated low-index
faces of cubic media but is allowed at lower-symmetry planes so that SITMOKE is therefore suitable to study
the magnetism of vicinal and reconstructed surfaces. The existence of SITMOKE is demonstrated by detection
of an analogous strain-induced effect in a magnetic garnet film wi(B18) crystallographic orientation.
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Symmetry breaking often has important consequences fdfsurface” layer thickness becomes equal to the film thick-
physical properties and can lead to new effects. The surfaceess. This enhances the signal considerably and leads to a
is the most important element of translation symmetry breakstraightforward observation of the proposed effect.
ing in a solid and for example may lead to reconstructions or The optical response of the bulk is usually described by
contractions, but also to new magnetic phenomena such @S dielectric constan€, which connects the displacement
enhanced or reduced magnetic moments and reorientation Bf= €-E with the macroscopic optical fiel€E. Magneto-
the magnetic easy axtsin optics, the symmetry breaking at optical effects arise due to the dependence an the me-

a surface leads to novel surface-induced effects like refleadium magnetizatioM that can be expanded up to the linear
tance anisotropgyand surface second harmonic generafion, term as
which are now widely used in surface science.

In magnetic systems the time-reversal symmetry breaking EM)=0+4mif M+ --. )
leads to the magneto-optical Kerr efféMOKE), which has ) - 0) -
been widely explored as a relatively simple and in many~or cubic bulkmedia&™™ and f reduce to scalarg, andfy
respects universal tool in magnetiémBecause of its sensi- SO that the displacement can be written in the vector form
tivity down to a submonolayer, MOKE is perfectly suitable _ :
to gnalyze ultrathin magne{ic films. HoweFi/er, ch effective D(2)= €oB(2) +4mifoM X E. @
probing depth is of the order of several hundred A even iriTherefore, within the approximation of E(l), the magneto-
the case of metals, so that MOKE is not directly sensitive taoptical interactions in a cubic bulk medium are isotraopic
the surface structure and morphology of semiinfinite magi.e., do not depend on the orientation of the light polarization
netic media. In recent years, nonlinear magneto-opticsE and the magnetizatioM relative to the crystallographic
which is a consequence of the simultaneous breaking ddixes. Another important well-known consequence of 2.
space- and time-reversal symmetry, is rapidly developings that the magneto-optical Faraday and Kerr effects vanish
into a suitable probe for the magnetism at surfaces and buwhen light propagates along a direction normaMosince
ied interfaces as it combines very high surface/interface sernhe last term in Eq(2) either vanishes foE||M or induces a
sitivity with large magneto-optical effects. nonradiative polarization along the light propagation direc-

In this paper we demonstrate that the symmetry breakingion for EL M. Thus, the transverse experimental geometry
at the surface of a magnetic material also has important corn combination with normal incidence provides the best
sequences for the linear magneto-optical response and th@limination of the ordinary bulk MOKE response.
linear magneto-optics can be much more surface sensitive We thus consider light incident along the normaixis on
than is usually thought. A configuration is proposed in whicha cubic semiinfinite medium magnetized along the in-ptane

the ordinary bulk MOKE vanishes but surface-induced  ayjs: M =xM, . The reflection of light can be described by a

transverse magneto-opt_lcal Kerr effe{SITl_\/IOKE) appears. 5. 2 reflection matrixk that connects the reflected optical
Similar to nonlinear optics, SITMOKE arises from an inter-

play between the spatial and time-reversal symmetry breakield E"=—R-E' to the incident fielcE' (both can be polar-
ing. On the other hand, it does not require pulsed laselz€d alongx or y). If the surface-induced effects are ne-
sources since the optical response is linear. SITMOKE iglected, the light reflection is described by FresneLoptlcs,
found to vanish at most bulk-terminated low-index faces ofwhich assumes a sharp interface. The reflection m#ris
cubic crystals but is allowed at lower-symmetry planesthen diagonal. At a real surface, however, surface-induced
where it shows a very distinct anisotropy. It may therefore beeffects provide corrections to the Fresnel optics. The usual
especially suitable to study the magnetic properties of vicinaiay to treat these effects is to split the induced polarization
surfaces and different surface reconstructions. Theoretica?(r)=P(z) into its (steplike bulk P®(z) and surface”S(2)
estimates indicate a detectable strength and a monolayer separts. Since the thickness of the surface regioftwhereP®
sitivity for SITMOKE. The existence of this effect is experi- is nonzerg is much smaller than the light wavelength the
mentally demonstrated by an analogous strain-induced effesurface-induced effect is mainly determined by the total sur-
from a(210) magnetic garnet film. In that way, the effective face polarization
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P:f PSdz= x{ (Ej+E}),

(see Ref. Ywhere ¥S is the (integrated surface polarizabil-
ity. The surface-induced correction to the Fresnel reflection
matrix can then be found as

s 8miw Xﬁ 3
Il - ¢ (n + 1)2 , ‘&,
wheren is the refraction index of the bulk. & x

Although most of the coming results are valid for crystals
of all five cubic symmetry classes, from here on we restrict g 1. A schematic side view on(@10) face of a simple-cubic
our consideration to th@, class. As an example, we con- ¢rystal. Bonds 1-4 are at the surface while2t denote similar
sider a surface with a crystallographic structoséthout tak-  ponds in the bulk.
ing the magnetic order into accolrthat has one mirror
[ o 1 1
?o/rr?n[;g:glllgllig%h; %u?fzrceg V\;ﬁiz:hhe ;rgséillzgrj]rzpnfglce’c\il::ﬁc- induced movement, the electron must possess a nonvanish-

respect to the laboratory axjs Bulk-terminated (n0) and ing component of its velocity along a direction normaMo
(mnn) faces of Oy, cubic crystals have such symmetry Since the bond is anisotropic, it is not necessarily polarized

wherem#n. The present treatment can also be easily exalong the optical field. Thu_s, in a given bqhd finite normal
tended for surfaces with no symmetry elements. In analoggomponent of the bond dipole mome(i) can be(non-

to Eq. (1), we can write magnetically induced by the optical field. In turn, the
o magneto-optical interactionspin-orbit coupling rotate the
(MS)=X+iF-MS, (4)  induced momendl,(i), giving rise to a finite responsi (i)

whereMS is the magnetization of the region wheP§+0. in they direction (orthogonal to _the_ page in Fig).1lin the
Applying the surface symmetry one can find the independerfft/k: however, the bond polarizatiordy(1') and d,(2’)

elements X, =Xo+AX, Xyryr=Xo—AX, and Fyyi induced in two networks (land 2) of bonds can be seen to
= —Fyow=Fy of the relevant tensors in the two- cancel each other_ so that the macroscopic polarization of the
dimensional crystallographic coordinate system’,y’),  bulk Py vanishes in accordance with E@).

The situation drastically changes at the surface. For ex-
ample, the local optical field at the position of the surface
bond 1 can be different from that at the position of the bond
2. This asymmetry of the local field leads to a net magneto-
0 cos2¢ sin2¢ optical response,(1)+d,(2)+0 in they direction induced

) (sin 24 —cos 2¢) in the pond pair(1,2). Similarly, a nonyamshmg response is

found in other near-surface bond pai¢3;4), etc. Therefore,

1 the off-diagonal elemen;tix(MS) is induced at the surface
-1 ol due to magneto-optical interactions. Going from the surface
i _ ] further into the bulk the local fields approach their bulk val-
The second term on the right-hand side of ). contains  yes and the sum, (i) +d,(i + 1) vanishes at distances of the
nonvanishing off-diagonal elements and is responsible fopger of several lattice constants. Our preliminary estindates
the surface-inducednonmagnetig reflection anisotropy.  show that the local field effect alone can yield a SITMOKE
The last term gives rise to the surface-induced transversgsponse that is comparable to the strength of ordinary polar
magneto-optical Kerr effe¢SITMOKE) that islinearinthe  \OKE from a monolayer of the same magnetic material.
surfacemagnetizationMy. Note that the SITMOKE signal  The local field effect is not a unique source of SITMOKE.
should display a unique azimuthal dependencesé for all  For example, the electronic states forming the surface bonds
surfaces of cubic media that have one mirror plane. Thigre not the same as those forming the bulk bonds because of
function has onefold rotation symmetry and SITMOKE thustheir different environment. Th@onmagnetigpolarizability
vanishes for the bulk-terminated low-ind€00), (110, and  of the surface bond can then differ from that of the bond
(111) faces ofOy, cubic crystals that all possesdold rota-  j+1, leading to an additional asymmetry of tigecompo-
tion symmetry, where>1. nents of the bond dipole momentk(i) and —d(i+1).

The physical origin of SITMOKE can be illustrated as This effect can be significantly enhanced if a surface relax-
follows. As an example, we consider a low-symme®2¢0  ation takes placénot shown in Fig. 1 For example, a slight
face of a simple-cubic crystdFig. 1) and assume that the displacement of the step atom from its bulk-terminated posi-
main contribution to the optical response arises due to th@on results in different lengths of the bonds 1 and 2 and,
light-induced polarization of bonds between nearest- thus, in a stronger difference between the bond polarizabil-
neighbor atomspolarizable bond mod®l The incident op- ities. The strength of the magnetic interactions in near-
tical field E' and the magnetizatioll are taken to be along  surface bonds can also be altered, for instance because of the
the in-plane directiorx=[120], which corresponds tap  enhanced or reduced magnetic momenpi$i)| associated
=0 in Eq. (5). To couple the electron spin with its light- with theith bond at the surface. Moreover, the direction of

wherex’' =y’ x z. All other elements of the two-dimensional

tensorsX and F vanish. Returning back to the laboratory
frame (x,y), one finds

1
Y>(M%)=X +AX
X“(M?) O(O 1

+iF gcos¢ Mf(
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FIG. 2. Azimuthal dependence of the strain-induced effect, analogous to SITMOWE, measured at temperaturés-40° (squares
and T=80° (circles. The lines show the fit of the data as described in the text. Hysteresis mépeix) at T=40° for two particular
azimuthal anglegp=300° (open trianglesand 180°(closed trianglesare shown in the inset.

um(i) can deviate from the direction gi(i’) for a similar ~ better elimination of the bulk contributions and it therefore
bond in the bulk. In addition, for the structure shown in Fig. should be more suitable than the Faraday geometry used
1 there are three dangling bonds per surface unit et ~ here.

shown), which can contribute to SITMOKE especially when _ The sample was placed between the poles of a magnet.
the light resonantly excites surface states associated with the'® incoming light withA =632.8 nm from a He-Ne laser
dangling bonds. All the effects mentioned above are onlyVaS polarized at 45° with respect to the directionf the
possible in a narrow vicinity of the surface and, therefore,magnet'c field and passed a photoelastic modulator that pro-

SITMOKE should be sensitive to treurfacemagnetization. }[/ided athtime-dﬁpendent phaste S‘I'rﬁm)l': E]qtr/S)sin(Qt) bet-h
It is worth noting that the assumption of the anisotropy of ween thex andy components. The fig eam was then

the bond polarizabilities, which is used above, is not necest_ransmnted through the sample and the modulation ampli-

T _ . .
sary in order to obtain a finite SITMOKE response. Numeri-tLJOIe dlg(H,) at frequency) of the x-polarized transmitted

: . : .~ light intensity |} (that probes the ellipticitywas recorded
cal estimates of the optical responsespherically symmetric . 7 X ; ) . o
atomsin the structure displayed in Fig. 1 show that theusmgalock—ln detection techniqd&The “SITMOKE” sig-

. nal is defined as
asymmetric arrangement of nearest atoms causes the Ioca"il

field at the position of a surface atom to possess a finite T= 81T (H — 51T (— H3? ®)
(nonmagnetically inducgchormalz component. In turn, this Mx a x

field induces a response that is coupled to the magnetizatiqnhereHiat is the saturation field along thedirection. The
and leads to SITMOKE with an intensity of order 10_20%experimental datéFig. 2) closely follow the cosp azimuthal
of the intensity of the polar MOKE from a monolayer-thick dependence at temperaturEz 60 °C while at lowerT the
magnetic film? data can be better fitted by the functidncosg+Bcos ¢,

To explore the surface sensitivity of SITMOKE one needswhereA andB are temperature-dependent constants.
a sensitive detection system, similar to that used in Ref. 5 To understand the origin of the additional contribution to
and a proper UHV system suitable for normal-incidencethe measured magneto-optical rotation one has to include
MOKE measurements. However, the existence of such affects that are neglected above but can be present in un-
transverse effect can be more easily demonstrated by a musirained cubic bulk media. In particular, further terms in the
simpler experiment. As a “model” of the magnetized sur- expansione(M), Eq. (1), could become important yielding a
face we take &210-oriented magnetic garnet film, epitaxi- bulk contribution to the nonreciprocal Kerr effect in the

: ] ; ; i 13,14

ally grown on a nonmagnetic garnet substrate. It wadransverse configuration that is of third ordemy . The
found™®*that the structure of such a film is slightly distorted azimuthal dependence of this bulk contribution is however
by the growth-induced strain along the film normal, while distinctly different from the cog dependence that is charac-
the in-plane symmetry coincides with that of the substrateteristic for SITMOKE. For instance, for th@10) surface of
surface Due to this distortion, a strain-induced response cubic crystals the bulk contributions can be shéo yield
analogous to SITMOKE, comes from the whole magneticacbi’g'l‘ﬁ,)(¢)=co§¢ pattern. Also, the fourth-order cubic an-
film (with a thickness of 10um), if measured in transmis- isotropy can lead to a deviation of the direction of the bulk
sion. Note that for an actual SITMOKE experiment on a realmagnetizatiorM from the direction of the external field
surface the Kerr(reflection configuration should provide and thus to an ordinary MOKE response. This contribution
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FIG. 3. Temperature dependence of the amplitud€d)
(squaresand B(T) (triangles. The lines show theT—T.)*? and
(T—T.)%? dependencies, whefle,.=112° is the Curie temperature
of the magnetic film.

can be shown to be proportional k*/H at largeH and to
follow for the (210 face the sam@?g{'g): cos ¢ azimuthal
variation as the higher-order contribution to #{@) depen-

dence discussed above. The increase of the light ellipticity azi

smallerH (that can be seen in the inset in Fig.i@ related to
the latter effect so that the SITMOKE signal must be define
as shown in Eq(6).

Thus, all the bulk contributions to the transverse magneto
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fits of the data Z(¢,T) to the function A(T) cos¢
+B(T)cos ¢. The measured\(T) dependence closely fol-
lows a (T—T.)¥? function, which is as expected since the
strain-induced effect, analogous to SITMOKE, is linear in
the magnetization. On the other hand, the amplitB¢IE) of
the higher-order bulk contributions should decayM¥(T)
with n=3 when the temperaturis increased. The experi-
mental result for théB(T) dependence is in agreement with
this prediction(Fig. 3).

In summary, we propose a new linear magneto-optical
configuration that can be used to observe a surface-induced
transverse magneto-optical Kerr efféSITMOKE). Possible
physical mechanisms of SITMOKE are discussed. We argue
that the sources contributing to this magneto-optical response
are localized in a narrow near-surface region so that
SITMOKE should be sensitive to the surface magnetization
and can be applied to probe the magnetism of low-symmetry
surfaces and interfaces such as vicinal or reconstructed sur-
faces. A theretical estimatshows the SITMOKE effect to
be of a comparable strength as that of the polar Kerr effect of
a magnetic monolayer, nowadays easily detectablee ex-
istence of the proposed effect is demonstrated in a model
experiment using a strainé@10) garnet film that is charac-
terized by the symmetry of the bulk-terminatg10) face of
cubic crystal. The higher-order bulk contributions could be
stinguished from the SITMOKE signal by their different

Oazimuthal and temperature dependences. It should be

stressed that using a bulk garnet film for demonstration does
not alter anything to the conclusion that SITMOKE is an

intrinsically surface sensitive magneto-optical probe.

optical effect should display the same azimuthal variation
dPUK( ), which is distinctly different from the cag depen- Valuable discussions with Roman V. Pisarev, John E.
dence of the surface-induced response. In addition, thinglesfield, and Annalisa Fasolino are gratefully acknowl-
surface-induced and bulk effects should display distinctlyedged. The present work was partially supported by the
different temperature dependences because of their differertCM fellowships ERBCHBICT941761, ERB-
dependence oM. Figure 3 shows the temperature depen-CHRXCT940563, Technologiestichting STW, and TMR net-
dence of the amplitude&(T) and B(T) obtained from the work “NOMOKE.”
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