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Symmetry Analysis of the Nonlinear Optical Response: Second Harmonic Generation
at Surfaces of Antiferromagnets
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Using symmetry arguments we show how optical second harmonic generation (SHG) can be used
to detect antiferromagnetism at surfaces and in thin films. Based on the group theoretical analysis of
the nonlinear electric susceptibility we propose a new nonlinear magneto-optical effect, which allows
even in the presence of unit-cell doubling for the unambiguous discrimination of antiferromagnetic
surface spin configurations from ferromagnetic or paramagnetic ones. As an example for this effect
we discuss the polarization dependence of SHG from the fcc (001) surface of NiO in some detail.
[S0031-9007(96)01558-X]

PACS numbers: 78.20.Ls, 42.65.Ky, 75.30.Pd, 75.50.Ee

In the last decade optical second harmonic generationetic susceptibility (allowed in both phases) [16]. While
(SHG) has become a well-established probe for the inthe phenomenon in @D; results from the simultaneous
vestigation of the geometrical and electronic properties ofction of spin-orbit coupling and trigonal crystal distortion
surfaces and interfaces. In particular, the nonlineafl7], we show here that SHG may also probe antiferro-
magneto-optical Kerr effect (NOLIMOKE) has been magnetism at surfaces of cubic crystals (where a center of
demonstrated both theoretically and experimentally as @version guarantees—within the electric dipole approxi-
powerful technique for the study of surface and interfacenation—the absence of bulk contributions) without in-
ferromagnetism due to its enhanced surface sensitivityolving interference effects or crystal distortions.

[L-6]. For example, recent NOLIMOKE measurements Because of their rich magnetic phases, transition-metal
at fcc Fe films by Strauket al.[7] yield the result of oxides are of special interest for an analysis. Also they
magnetically active layers directly at the surface, whichmight change their magnetic properties during oxidation
cannot be detected by other techniques. Moreovemyhich is of interest to be observed. In particular, owing

enhanced Kerr rotations [8] and quantum well oscillationgo available data obtained with various experimental

[9,10] demonstrate the unique options of NOLIMOKE andtechniques we apply our theory to NiO.

also its significance foin situ imaging of chemical bond We start our theory from the symmetry analysis of the

formation via magnetism [11] (for instance, during thenonlinear susceptibility using classical electrodynamics.
oxidation) as well as for femtosecond spectroscopies [12]The nonlinear response is described by the nonlinear

To apply NOLIMOKE not only to ferromagnetism, but electrical polarizatioP'1 acting as a source term in the
also to an analysis of antiferromagnetism and thus also tgave equation and related to the incident photon field by
magnetic domain structures, it is of considerable interest o onlinear electrical susceptibilipyg‘”):
to extend our theory correspondingly [13]. By perform- 20) (20). (o) m(@)
ing a symmetry analysis of the susceptibility tensor, we Py " = Xe1 P EVET 1)
show that the SHG signal already discriminates characteﬁere, X(Zw) is the nonlinear electrical susceptibility in

el

istically'antiferromagrjetism'from ferromag.n'etism.or Parajinole approximation. It is a polar tensor of rank three
magnetism. At first sight this seems surprising, since botly hich s nonzero only at the surface of a cubic mate-
the paramagnetic and antiferromagnetic states exhibit timg,, According to Neumann’s principle this susceptibility

reversal symmetry. However, as will be shown by ouryhich is a property tensor) has to remain invariant un-
detailed symmetry classification of the nonlinear electrlcder any symmetry transformatial) ,» (n = i, j, k, n' =
n 2 Jo s

susceptibility tensor, we obtain characte_:ristic differenc¢§/’j/7k/) leaving the lattice invariant [18,19]:

of the susceptibilities in the paramagnetic, ferromagnetic, ~ 2w) o

and antiferromagnetic phases, which then can be detected XeLitjk = litiljijlik XeLijks ijk=x.y,z. (2
by using different polarizations of the incoming light. Our If time inversionR: + — —r alone or in combination with
analysis proposed here is different from the recent pioneeany space operatiahbelongs to the classifying symmetry
ing studies of antiferromagnetic bulk domains oGt  elements, Eq. (2) must be replaced by

by Fiebig et al.[14,15]: They observed antiferromag- Qo) g Re) k= 3
netic 180 domains of bulk GiO; from a strong inten- Xelitjik = =Hititjjtkk Xelijk» L) x.y.z. (3)
sity contrast in SHG transmission and explained this effecivhere — (+) refers to the case whep®® changes sign
by the interference of the nonlinear electric susceptibilityunder time-inversionR, denoted asc tensor (remains
(nonzero only in the antiferromagnetic phase) and magmnvariant,i tensor) [18].
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Using now the symmetry transformations for paramag-of the lattice in combination with this translation. (ii)
netic, ferromagnetic, and antiferromagnetic states we ca8ince the nonzero elements of the property tensors rigor-
immediately determine the resulting nonvanishing ele-ously follow from the point groups of a crystal, we restrict

ments Ofng;)k- Since, depending on the magnetic stateOurselves to the corresponding operations replacing all
different tensor elements vanish, it is possible to deteciranslations by the identity [18]. Thus, time-inversifin
optically antiferromagnetism by varying the polarizationremains a symmetry element of all examined antiferro-
of the incoming light. The allowed tensor elements re-magnetic spin configurations. Consequently unit-cell dou-
sulting from Egs. (2) and (3) are given in Table I. bling occurring for most of the antiferromagnetic spin
The new predicted nonlinear magneto-optical effect reconfigurations does not affect the classification. (Ri)
sults from the fact that the point groups obtained for antinas to be excluded from the analysis, since SHG is a dy-
ferromagnetic configurations are different from the onedlamical process with a preferred direction of time [17].
describing paramagnetic or ferromagnetic states of th# this case Neumann's principle is restricted to pure
same surfaces, since all three phases have characterigtpace symmetry operations of [18,20]. The resulting point
cally different symmetry features: A ferromagnetic surfacedroup of space transformations, which usually is just a
never exhibits time inversion symmetRy butR may oc-  Subgroup of the classical point group characterizing the
cur in combination with spatial symmetry operations (i.e.,sSymmetry of the three-dimensional lattice, is used to cal-
the symmetry group is magnetic). In the paramagneticulate the nonzero tensor elements(él?’r‘“) in accordance
state, however, a surface always remains invariant undavith Eq. (2). For these subgroups, in contrast to the three-
time reversal. Hence, for surfaces of cubic crystals thelimensional point groups [18,19], the tensor elements of
paramagnetic state exhibits the same time-inversion syrr;rg”’) have not been derived previously.
metry as the antiferromagnetic state. But the two states To show the predicted sensitivity of SHG to surface anti-
usually differ in the allowed space transformations, beferromagnetism we restrict ourselves to the very clear-cut
cause in the paramagnetic phase no spin configuration hagample of one prototypic spin structure for each of the
to be regarded. fcc (001), (110), and (111) surfaces [21] (see Table I). In
In order to demonstrate that SHG yields a new effectall antiferromagnetic configurations additional tensor el-
which sensitively probes antiferromagnetic surface spirements compared to the paramagnetic phase appear. As
configurations, we proceed as follows: (i) We determinea prototypic example how nonlinear magneto-optics de-
the magnetic space group of the surface lattice includingects antiferromagnetism unambiguously, we discuss the
the spin configuration. We find that all examined antifer-fcc (001) surface with spin configuratian (see Fig. 1),
romagnetic (001), (110), and (111) surface configurationsvhich is similar to the one of (001) NiO [22]. The point
are highly symmetric: There always exists a translatiorgroup describing the symmetry of this configuration con-
T so that time-reversak becomes a symmetry element sists of only one independent spatial symmetry operation,

TABLE I. Nonvanishing elements o,fﬁ‘") for certain spin configurations of the (001), (110), and (111) surfaces of a fcc lattice.
We denotey;;, by ijk.

Surface Configuration Point Group  Symmetry operations Nonvanishing independent tensor elements
(001) Para 4mm 1,2,,+4,,2,,2,,2,,,2-,, ZXX = ZYY,XXZ = XZX = yyz = yZV,2ZZ
Ferro 1,;1,2)(,2}, XXZ = XZX,ZXX,YYZ = yzV¥,2YYy, 222,
(M || x) 22y = 2YZ, V2%, XXy = XYX,YXX,yyy
AFM
a) 1,2, XXX, yyX = YXY,XYy,XXZ = XX, ZXX,
YYZ = Yz¥,2yYy, 23X = IXZ,XZZ,Z%
b) 1,2, XXy = XYX,YXX,YVY,XXZ = XZX,ZXX
yyz = yzy,zyy,zZy = 2YZ,Y2%Z,2Z%
c) 2 1,2, XX, XXZ = XZX,2YVY,VYZ = YZV,22%,
XYZT = XY, YIX =YX, ZXYy = IYX
(110) Para mm?2 1,2,,2,,2, 7XX,XXZ = XZX,ZYY,YYZ = YZ¥,Z2Z
AFM 2 1,2, 7XX,XXZ = XZX,Z2VY,YyYZ = yzV, 222,
AYT = XZY, YIX = YXZ, XY =YX
(111) Para 3m 1,+3.,3(2,) XXX = —Xyy = —YyX = —YyXy,ZXX = Zyy,
More than one monolayer XXZ = XIX = yyzZ = yzy,2%Z
AFM 1,2, XXX, YYX = YXY,XYY,XXZ = XZX,ZXX

YYZ = yZy,ZYy,2ZX = ZXZ,X2Z,222
(111) Para 6mm 1,2,,+3.,+6,,6(2,) XX = ZYY,XXZ = XZX = yyz = yZV,22Z
Exactly one monolayer
AFM 2 1,2, 7XX,XXZ = XZX,Z2VY,YyYZ = yzV, 222,
XYZT = XY, YIX = YXI,ZXy = IYX
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ooy . . (o oy . wave equation the reflected light at frequeney for sur-
BERIEERE f’[/ b1t 1+ facesis given by [23]
¥y y y y Y- Y-
¢ t 4 | + 4 [ ¢ /‘/ tl4 $¢ A,F.cos®
a) b) ) =) mo;ﬁ:goa;ge one monolayer E(Zw)(q)’ ¢) — 21<£> |E(()w)|2 As Slnq) Xe(%a))
FIG. 1. Antiferromagnetic spin configurations of low index ‘ ApNst cos®

surfaces of NiO.

212 cos ¢
i.e., the 180 rotation about the; axis 2. (z axis per- 1S ¢
. . 2t2 C052
pendicular to the surface; and y axes in the surface % sty ¢ ’ (4)
plane), which transforms(x,y,z)— (—x,—y,z) and 2fstpts 020840 sing
causes the spin moments, parallel or antiparallel to the 2fcfsty, COSZ_QD
x direction, to flip. But this spin flip, corresponding to 2fctyt; COSp SN

time-reversalR, can be replaced by a translati@nabout
half the negativex-y diagonal of the square unit cell Where/\/g“) is the susceptibility tensor for the respective
indicated by the arrow. S@,T and RT are symmetry surface configurationsp, ¢ are the angles of polariza-
elements of the space group. Consequerttlyand R tion for the reflected second harmonic and fundamental
turn out to be symmetry elements of the correspondindight, N(2w) is the index of refraction at frequency
magnetic point group obtained by settirfy equal to 2w, F.,, f.s are the corresponding Fresnel coefficients,
unity. (Other symmetry operations, for example, reflec-T; ,, ¢, , the linear transmission coefficients, anAg, A,
tion at thex-z or y-z plane, are not allowed for this the amplitude factors of- and p-polarized light. It be-
configuration, since under these transformations singleomes obvious how by varying the light polarization dif-
spins change sign, whereas others stay invariant. So tHerent elements ofy;;x enter. To discriminate optically
spin structure changes and cannot be restored by tinthe antiferromagnetic spin configuration of the (001) sur-
reversal or a translation.) Dropping in classifying a face from the paramagnetic or ferromagnetic one it is
dynamical process the remaining point group is the classufficient to measure the-polarized SHG output as a
sical monoclinic grou® which consists of the elements function of the polarization of the fundamental light. Ta-
1 and2,. Hence, as can be seen from Table I, this spirble Il shows the resulting SHG fields obtained by Eq. (4)
configuration is especially suited for the detection ofwith the characteristic tensor elements for the three phases
antiferromagnetism by nonlinear magneto-optics: Theand different incoming light polarizations. Obviously the
tensor elementstyz =xzy, yzx =yxz, and zxy =zyx  difference between the polarized SHG signals of the states
appear in the antiferromagnetic phase only. Both in thés caused by the appearance of the element in the fer-
paramagnetic and in the ferromagnetic stak|( x) they = romagnetic phase in contrast to the paramagnetic and an-
are zero. On the other hand, there are tensor elementiferromagnetic oness(— s) and by the appearance of the
for example,yyy, yxx, andyzz, which occur exclusively yzx element in the antiferromagnetic state in contrast to
in the ferromagnetic state. the paramagnetic ongy(— s). Figure 2 schematically il-
Having completed now the symmetry analysis of thelustrates the differences between the phases in dependence
susceptibility tensor the various tensor elements can ben the polarization of incident fundamental and reflected
singled out in the SHG response by varying the light po-SHG light: In the paramagnetic state theSHG signal
larization [3,5]: Using the appropriate boundary condi-vanishes for boths- and p-polarized incoming light, in
tions for the electromagnetic fields and the inhomogenouthe antiferromagnetic state it vanishes only fegolarized

TABLE Il. Reflected SHG signal for different polarizations of the fundamental light for the (001) surface of a fcc crystal.

Configuration Pincoming light PSHG light SHG waveE®)
Para s s 0
» s 0
Mix(45°) 5 2i(2) |ES PA fotptyxxz
Ferro s s 2i(%) IE(()mIzAstfyyy
M |l x) p s 2i(2) |ES” PAA(foyxx + f2yz2)
Mix(45°) s 2i(2) |EG” PAG L2 2yxx + 5i2yyy + 3f22y22 + futpt,yy2)
AFM K K 0
P s 2i(2) |E)" PA2f o f yax
Mix(45°) s 2i(2) |Es" PA(futptsyyz + fof i12yzx)
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polarization of the incoming light.
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faces, Paret al. [1] used time inversion in combination
with space symmetry operations. This is not allowed, since
SHG is a dynamical process. Without usiRgas a sym-

metry element additional nonvanishing elements,\/gf”)
should occur. Since, however, for our configuratiats
never appears in combination with any space transforma-
tion but always as an independent symmetry element, this
problem does not affect our symmetry analysis: RIfis

an allowed operation for examiningg”), according to
Eqg. (3) all the nonzero tensor elements must be invari-
ant under time inversion. (Thus, they have to be even in
the antiferromagnetic order parameter.) Whereas leaving
R out of the symmetry analysis, they may be iobr ¢
character, where refers to invariance and to change of
sign under time reversal.

The complete symmetry classification will be given in a
forthcoming publication.

Since bulk NiO has NaCl structure, i.e., it consists of two
staggered fcc lattices, the unit cell of the (001) surface is
a square which contains two nickel ions carrying the spin
moments and two oxygen ions.

J.E. Sipe, D.J. Moss, and H. M. van Driel, Phys. Rev. B
35, 1129 (1987).

Domain imaging in the way performed by Fiebig
et al. [14,15] on CgO; is impossible for this symmetry.
To get the necessary effect of interference there had to
exist 180 spin domains in the surface which could not
be brought to identity by a translation. As a consequence,
time-inversion symmetryR of the surface had to be
broken. Although this is not the case for our regular
lattices, we point out that small distortions, caused by
surface reconstruction and observed in experiments on
NiO, for example, could easily induce an appropriate
structure.



