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Observation of a Transversal Nonlinear Magneto-Optical Effect in Thin Magnetic Garnet Films
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A simultaneous breaking of space and time-reversal symmetry leads to a coexistence of crystallo-
graphic X,-(jZZ(Za)) and magnetization-induceg,-(;,z,(2w) electric-dipole type contributions to the non-
linear optical susceptibility in the same medium. As a consequence, a new transversal nonlinear
magneto-optical effect arises that is linearNh This effect is experimentally demonstrated in thin
films of magnetic garnets, as well as large effects quadratitlin We suggest a novel method
to distinguish the two susceptibility contributions based on their different transformation properties.
[S0031-9007(97)02712-9]

PACS numbers: 78.20.Ls, 42.65.Ky, 75.50.Gg, 78.66.Bz

Space-inversion or time-reversal symmetry breakingponents are of comparable magnitude, with the magnetic
for example, at phase transitions or due to external forcegnes vanishing above the Curie point.
often has important consequences for physical properties. The total nonlinear optical polarization of a medium (in
In linear optics, the breaking dfme-reversalsymmetry the electric dipole approximation) can be written as
leads to a number of well known magneto-optical ef- o magn
fects like Faraday rotation in transmission and Kerr ro-Pi2w) = P{'Qw) + P; ™ (2w)

tation in_ reflection_. For the npnlinear case, pptical secor)d = X,-(?zz(—Zw, w, 0)E;(w)E(w)
harmonic generation (SHG) in the electric dipole approxi- 3)

PR ; ; ; + Xin (20,0, w,0)E;(0)E;(0)M;0), (1)
mation is only allowed in media with a brokespace- Xijki » W, W, V)L k AR

inversion symmetry [1]. As a consequencapnlinear
magneto-opticakffects can only be observed in materials

in which both space-inversion and time-reversal symmetry, »qamental optical fields, arMI(0) is a spontaneous or

are bro'.‘ef‘ simultaneou_sly. It appears that the OverWhe.lmﬁagnetic—field induced static magnetization. BothBiée
ing majority of magnetically ordered materials, metallic andP™n contributions are of thelectric-dipolecharac-

and dielectric, ferromagnetic and antiferromagnetic, arfar pecause they are proportional onlytw). They are

centrosymmetric in their bulk form. However, space Ir'.'simultaneously allowed in noncentrosymmetric media, but

versiop is broken at the surface and very.recently SHG iny iy properties are different.
reflection has been proven to be a versatile tool for study- .. "~ " . ®)
ing magnetized surfaces and interfaces of metallic materi- (i) P is described by golar tensor y;; of r%r)\k 3,
als with a centrosymmetric bulk crystal structure [2—6]. WhereasP™" is described by araxial tensor y;j;; of

In this Letter we present results on the experimentarank 4. They exhibit Characteristica"y different rotational
observation of a novel nonlinear magneto-optical effecnisotropy that may strongly depend on the magnetization
in magneticbulk materials in which the space-inversion orientation in the crystal, similarly as was predicted for
and time-reversal operations are broken simultaneouslynagnetized surfaces [2].
We show that due to the coexistence and the interference (ii) In nonabsorbing material;,-(f,z is a real butx,gzl is
of these two contributions to the SHG a nén@nsversal an imaginary tensor [2,8]. The corresponding nonlinear
nonlinear magneto-optical effect arises, whichlirear  waves have a 90phase shift and thus cannot interfere.
in the magnetization. This transversal nonlinear effect However, interference becomes allowed when one or both
is in contrast to the well known transversal linear opti-of them are complexThis interference leads to the effects
cal effect of magnetic birefringence (called the Voigt orwhich are linear in the magnetization.
Cotton-Mouton effect), which is quadratic in the magneti- (iii) The two contributions to P(2w) should vary
zation [7]. We also show that for certain high symmetrydifferently as a function of temperatureé*" probes the
directions a SH signal is generatedly in the presence degree of a crystal lattice noncentrosymmetry. It may
of a magnetization.We propose a method that allows an depict anomalies at structural phase transitios"2e?
unambiguous separation between the crystallographic arghould reflect a temperature variation of the magnetization
the magnetization-induced contributions to the SHG sigand thus vanishes at the transition from a magnetically
nals. We have found that the corresponding tensor conordered to a paramagnetic state.

where P" and P™¢" are the crystallographic and mag-
netic contributions, respectivelf,;(w) andE;(w) are the
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To obtain aP¢" # 0 for normal incidence the in- leading toP" = 0 for normal incidence. This means
plane symmetry must be rather low [9], while for the that here we expect a purely magnetization-induced SHG.
interference, a simultaneous existence of a nonP&"  From Eg. (1) we get for the rotational anisotropy in a
is necessary. Magnetic garnet films, epitaxially grown(001) film
on substrates with a controllable lattice mismatch are 42 ; 4

i IxxQw, ¢) = E*M?*(A — Bsirt2¢ + Csirt2¢),
excellent systems to test these ideas. Though bulk crystaIsXX( @ ¢) (4 . ¢ ¢) 4)
of magnetic garnets like yttrium iron garnetfe0p, are  Iyy(Qw, @) = (1/4)E*M*Csintde .
centrosymmetric, in thm fllms space-inversion symmetrygecause of the purely quadrafit dependence, the SHG
is broken due to a distortion of the crystal structure.intensity should not be sensitive to the magnetization
This is evidenced by the observation of SHG [9-11],eversal in (001) films.
and linear magnetoelectric effects [12] in such films. Magnetic garnet films of three different types with sub-
In Ref. [9], a symmetry analysis of the crystallographicstrate orientations (001), (111), and (210) were grown by
SHG contributions is given. Here, we are interestedigyid phase epitaxy. The samples differed in film and
in the magnetization-induced SHG effects. To avoidsypstrate compositions (see Table 1). Thin wafers of cu-
any influence of the linear magneto-optical effects, likepic centrosymmetric G@a0,, (GGG) garnet and sub-
Faraday rotation or magnetlp C|rc_ular dlchr0|sm_, Westituted GGG with a larger lattice parameter were used
consider the transversal situation, with the magnetizations sybstrates. The substrates are transparent at the funda-

in the film plane. _ _ mental and SHG frequencies and did not show any SHG
Low symmetry (210) films are characterized by gjgnals,

the monoclinic point groupn (Ciy), x[[[001]. Using The experiments were done in transmission at normal

Eq. (1) we get for the magnetization-induced nonlineascigence with the light propagating along tAeaxis (see

polarization Fig. 1) and with a magnetic field up t& = 2.3 kOe
Pyy (Qw, @) = E*M[Bcos ¢ — Asin' ¢ applied alongY. Rotating the sample in the ranfe<=

) ¢ = 360° around theZ axis we could register the SHG
+ (3/4)(A - B)sir2¢]. (2) signal with the magnetization being kept alorigand the

Qw, ¢) = 2E’M sin2¢(Acos ¢ + Bsit ¢), incoming and outcoming linear light polarization alokg

or Y. As we show below, such an approach allows an

whereg is the angle between the magnetization direction,, 5 mpiguous separation between the crystallographic and
and the [001] axis. Capital indice¥X and YY denote magnetization-induced SHG signals.

input-output polarizations of the light in the laboratory 1o sHG signal was generated by the output at

frame. The definition of the crystallographic axesy,  g4; ,m (1.474 eV) of a mode-locked Ti-sapphire laser
and z in films of different symmetries was taken as in working at a repetition frequency of 82 MHz, a pulse
Ref. [9]. A, B, and c(’z are corg)binations of the real and | :qth of about 100 fs at an average powér on the
imaginary parts ofy;jx and x;;;. Equation (2) implies  sample between 100 and 250 mW. At this wavelength,
that applying a magnetic field in thie direction will lead  the |inear absorption of magnetic garnet films and bulk
to a change in théransmittedSHG intensity/;;(2@) = crystals is10-20 cm™' [13] and the fundamental beam
|P§f + P °"|? for light propagating in thez direction.  propagates through thin films without any noticeable
Thus the coherent contributions &' and P™$" to  attenuation, while the polarization remains unchanged
I2w) lead to atransversalnonlinear magneto-optical because the linear magneto-optical effects (Faraday rota-
effect that contains botlinear andquadraticterms in the  tion and ellipticity) are zero in the transversal geometry.
magnetization. Second order magnetic birefringence effects are small,
(111) films have point group symmetrgm (Cs,), An =~ 107° [7] and do not change the polarization of

x L[110] [9]. Taking into account the relevant crystal- the fundamental beam. The linear absorption is much

lographic [9] and magnetization-induced SUSCGptibi”tiEShigher at the second harmonic frequency (2.948 eV}
we get the following equations for the SHG rotational (5-6) x 10° cm™! [13]. Therefore, in transmission ex-

magn

Pyy

anisotropyl;; 2w, ¢): periments the detected SHG signal originates only from a
I (Qw, ¢) = E*(Acog 3¢ + BM> back-side layer with a thickness of abdugem.
+ 2CM cos3¢), (3) TABLE . Basic parameters of the three samples.
IyyQw, ¢) = E*Asi 3¢. Film Thickness Film Lattice
. . . misfit
A linear magnetic response is therefore exp_ected for the () composition (%)
XX (and YX) polarization combinations, while forY
(andxy) the pmagn — (), (001) 5 (prr)3(FeGaSOlz 0.28%
For (001)-oriented films,the situation is different (111) 1 (YLUBi);(FeGa;501 —0.06%
' " (210) 10 (YPrLuBi);(FeGasO, 0.39%

Here, the point group symmetry ignm (Cy,), x||[100],
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of crystallographic axes, magnetization, and incoming
light polarization.

X In order to independently prove the different origins
Z O o 0%20{ of the two contributions to the nonlinear polarization, the
X +M ”

magnetic film substrate

/— X XX~ (210)
FIG. 1. Experimental geometry: sample rotates in a transverse - + (P
0

magnetic field. /

Figure 2 shows the rotational anisotropy of SHG in
films of three types al' = 295 K. The upper and lower
parts of each figure correspond to thg, and Iyy case,
respectively, where subscrip¥X and YY denote input-
output polarizations of the light in the laboratory frame
(see Fig. 1). The horizontal line passing througha@d
180° on each plot corresponds to the mirror plame
and only the top half Iy case) and the bottom half
(Iyy case) are shown. The vertical line cutting each plot
in the middle corresponds tex’, the mirror reflection
followed by the time-reversal operation. The symmetry
elementm’ leads to the sign change of the magnetic
contribution to the SHG intensity. The data were fitted to
Egs. (2)—(4), withA, B, andC being the only adjustable
parameters. Apart from small deviations, the agreement
with experiment is very good.

In (210) films strong SHG signals were observed in
nonmagnetized and magnetized films for all polarization
combinations. The SHG intensity in these films was 1 to
2 orders of magnitude larger as compared to other film
orientations. The change in the SHG intensity due to the
switching of the samplén-plane magnetization demon-
strates the transversal nonlinear optical effect, linear in
M, in perfect agreement with our prediction. In a non-
magnetized (111) film, an SHG signal was observed with
a 60 periodicity in the rotational anisotropy. The mag-
netized (111) film showed a 12@eriodicity for XX (and
for YX) polarizations, with a 60rotation between+M
and —M states. No magnetic effect was observed¥ir
(and XY) polarizations. In the (001) filnmo SHG signal
was detected in the absence of a magnetic fieldwever,
as predicted, in a magnetized sample an SHG signal was
observed, which was quadratic M and thus insensitive
to the sign of the applied magnetic field. Thus, an SHG
response can be “turned on” with the help of a magnetic
field. We have to mention that in films of this symme-
try the SHG intensity was substantially lower than in thep|g. 2. Rotational anisotropy of the SHG intensity in garnet

other films, which explains the larger scatter in the experifilms of different symmetry: solid circles denoteM state,
mental points. while open circles are for the M state. XX andYY denote the

Although not shown here magnetization-inducedinpm'omp”t polarization combinations. Solid and dotted lines
\arizati tai fth SHG’ liaht to 90 | are the theoretical fits for-M and —M states, respectively,
polarization rotation ot the Ight up to 9Was alsO oy Egs. (2)—(4). Magnetic contrast (difference between the

observed in addition to the intensity changes. Similar to; M and —M theoretical fits) is indicated by dark (positive)
the latter, this rotation depends on the mutual directionand light (negative) shadowed areas.
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6 — , . or possessing magnetic ordering [14]. We have observed
B — a new nonlinear transversal magneto-optical effect arising
g *___crystallographic part (~4) from their interference that is linear in the magnetization
B0 : 1 and is a bulk effect that is strongest for the lowest film
z - 2 symmetry. An unambiguous separation between the two
Z Lerference part (-2CHD contributions to the SHG was obtained from rotational
g2 I 134K anisotropy experiments in an applied field, and at room
@) c=
T magnetic part (~BM?) temperature they were found to be of the same order of

magnitude.

— 00 A— Though we are able to explain the experimental data

Temperature (K) applying a simple symmetry analysis, a more profound

FG. 3 T - . . microscopic theory is required to explain the absolute and
5. 3. Temperature variations of crystallographic, magneti- - . MR
zation-induced, and interference terms in the SHG intensity foFe“'"t'Ve values of the crystallograg)hlc and(3r)nagnet|zat|0n
the (111) film. induced nonlinear susceptibilitigg;; and x;j;. In fact,
these two types of nonlinear susceptibility should also
coexist in noncentrosymmetric molecules. However, to
SHG rotational anisotropy has been studied as a funcstudy time-noninvariant contributions to the nonlinear
tion of temperature for several films. The temperaturemagneto-optical response, magnetically ordered materials
variations of the crystallographic, interference, and pureyre most suitable because of their large values of the
magnetic contributions to the SHG intensity for the (111)exchange splitting of the electronic states.
film are shown in Fig. 3. The different terms are sepa- The magnetic fims were kindly supplied to us by
rated by fitting the experimental angular dependence ty p.Klin and E.S.Sher. We thank N.F.Kartenko for
Eqg. (3). The crystallographic contribution decreases liny-ray analysis of several samples. This work was sup-
early with temperature, whereas the magnetization-relategorted in part by the Russian Foundation for Basic Re-
contributions vanish .. The interference term 2CM  search, by the Program on Laser Physics, by INTAS, and
shows a(1 — T/T.)*¢'© dependence, whereas the purepy an HCM postdoctoral fellowship. Two of us (V.V.P.
magnetic part< BM? vanishes with &1 — 7/T.)"®  anq R.V.P.) would like to thank the Research Institute for
dependence, as expected from the proportionality/to  Materials at the University of Nijmegen for the hospitality
This makes an additional strong support for the derivedind financial support during our stay.
Egs. (2)—(4). These results allow a direct evaluation of a
ratio between crystallographic and magnetization-induced
susceptibilities. At room temperature we g&te" /[ =
0.16 or |y™maen|/|y°*| = 0.4. The fact that these two
contributions are of the same order of magnitude is un- *Electronic address: theoras@sci.kun.nl
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