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Time-reversal symmetry in nonlinear optics
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The applicability of time-reversal symmetry to nonlinear optics is discussed, both from macroddagic
well equations and microscopi¢quantum theoreticabpoint of view. We find that only spatial operations can
be applied for the symmetry classification of nonlinear optical processes in magnetic, in particular antiferro-
magnetic, materials. An example is given where both operafitme reversal and a spatial operatiaran
yield different results.

Symmetries determine several important properties of @he characterization of recently upcoming magnetoelectronic
crystal, in particular, its optical response. In magnetic matedevices such as tunneling magnetoresistive junctions.
rials, time reversal is believed to be of fundamental impor- In considering the time reversibility of an experimental
tance since this operation reverses all magnetic montehts. situation, three approaches are possibietime reversal is
However, the consequences of applying time reversal arapplied to the sample, but all the processes resulting from the
more profound than a simple inversion of localized magneticxperiment are unchanged. In particular, the magnetic mo-
moments. As it will turn out in this paper there is a deepMents in the sample are reversed, but the direction of the
interrelation between the absence of conventional dissipatiolf'\ght propagation through the sample is not affected. This
in even-order(e.g., secondharmonic generation and the in- approach is prese_nted, e.g., in Refs._ 15 and 16. We consider
fluence of time reversal on spin ordering. This brings about éhh's approach as mcpmplete, since it does not equally treat
subtle difference between time-reversal and spatial symmé— e sample and the light propagating _througmlb.The sec-
tries in nonlinear optics. The benefit of this difference makesOnd approach, usually encountered in the so-called Sagnac

optical second harmonic generatiéBHG) a rather unigue Iinterferometry, addresses time reversal by reversing the
probe of antiferromagnetism, while linear optigghere dis- propagation of the light through the samjéee, e.g., Refs.

17-19. Clearly, h d bes teei ity of th
sipation in the conventional sense is possib&blind for 9. Clearly, such procedure probes teeiprocity of the

. : . sample rather than its time-reversal symmetry. It can also be
such balanced spin structures. The recent discussion ab ven that the second approach is equivalent to the first one.

the influence of microirreversibility on macroreversibility (iii ) According to the third approach, presented, e.g., in Ref.
and reciprocity® shows that the issue of time reversal, al- 20, time reversal acts dwoth the sample and the experimen-
though extensively discussed, is far from being understoodia| setup. In this paper, we will follow approadii ).

The theory of nonlinear optics has been developed since |n the processes of even-order harmonic generation, dis-
the 1960s. The pioneering work of Armstromgal.” de-  sipation in the conventional sense, converting radiation into
scribes the propagation of a light wave through a nonlineaheat, does not exist, since the energy loss of the electromag-
medium, where the energy may be converted from the funnetic field is the time averade
damental frequency to higher harmonics vice versa An
exhaustive description of nonlinear optical phenomena is _ dP(t) E(t)
contained in the fundamental books by Bloembefgend dt '
Shen® In these work<;® a unique flow of time is tacitly . .

! L . which vanishes for SHG@and all even-order harmonigs
assumed, whilanagnetismis entirely absent. Consequently .

. X 1 ) since
the issue of time reversal is not essential for these authors.

(€

The discussion of magnetism has been brought to nonlinear P(t)~Poe' !,
optics by Paret all® and Hibner et al!! In these papers,
time reversal was applied to reverse the localized magnetic E(t)~Eqe'2¢t, )

moments, since the discussion was focused on ferromag-

netism. However, the experimental observation of antiferroHere,P andE denote the polarization of the medium and the
magnetic(AF) domains in CsO; by Fiebiget al'? and the  electric field, respectivelf? The lack of dissipation in the
subsequent theoretical analyses by Muthukugtaal’®* and  conventional sense does not mean that the process of SHG is
by Dzhn et al* challenged the validity of time reversal for reversible. Already the analysis by Armstromgal. as-

the symmetry analysis of optical processes. Since the inclusumes a unique time direction. There, the nonlinear polariza-
sion or absence of time reversal in the theoretical analysis dfon PN- and the electric fieldE; of a light beam resulting
SHG from antiferromagnets yields different predictions offrom Sum Frequency Generation at a paiptis given by

the experimental results, the issue is shifted from academic

interest to practical relevance. The importance of the theo- PN )~ERe[e‘(Ak'r0+A¢)e‘("3'0‘“’3‘+ ¢3)] 3)
retical analysis of SHG from antiferromagnets is tremen- 2 '

dously growing due to the unique capabilities of this method

in probing buried AF layers, which in turn is important for E;~Rge'keTo@sttda)]; (4
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Since the phases of the now incident electric fields are the
FIG. 1. Time-reversal asymmetry in SHG. Pa(@@lpresents the same as for the previously outgoing electric fields, all the
original process, panéb) a process in reversed time which would terms but those Wiﬂ)((l) cancel(which means that in the
restore the symmetry, pan) presents a physically valid process gytgoing light one now has only the contribution at the fre-
described in reversed time. quencyw) and the original situation at the input of the pro-
see Eqgs(3.1) and(3.2) of Ref. 7. Here,.w; andks describe cess iS rer?to'redli T_his d.escr.iption, thou.gh mathematically cor-
the frequency and wave vector of the generated ighy ( gete ® ERER Y TR SECE TS B o0 R s
=w,+ w, andks~k;+k,). The authors introduce the idea dt it with yb't q X %( )T p
of “work done on this wave” by the nonlinear polarization and fo ‘rlevernl with arbitrary accuracfﬁg._ ¢)). Tracing
of the medium, equal to out the “bath” degrees qf freedoitfrequencies other tham
and 2w) causes a transition from a pure to a mixed state of
w3 dPVY(ws) the system, which means that some memory is lost. This
=5 3Tdt happgns because the traced subsystem and the bath are not
cycle statistically independert Thus, in any practical situation,
there is no possibility to generate only the frequetcyut of
=§w3E3PNL(w3, out of phasg (5) a whole array of frequencies. The process of SHG looks
different in (—t) than in ¢). Such a process is calledy-
if the polarization is exactly 90° out of phase with the elec-namical
tric field (which requires that\k,z+ A ¢= 7/2). The work As stated before, there is no dissipation in the process of
done on the generated wasletermines the direction of ime SHG in the usual meaning, i.e., the amount of energy in the
This presents a new kind of dissipation, namely “dissipationradiative form is constant. However, there is a transfer of
in the frequency space,” which invalidates time-reversalenergy between the frequencies, in particular energy flows
symmetry. from the frequencyw to other frequenciessee Fig. 2 We
This fact becomes even more obvious if one takes theall this dissipation in frequency spacé contrast to the
global picture of SHG. Radiation acting on ansemble of more usuabissipation in real timeDissipation in frequency
atomsmay excite and deexcite them in many wajysulta-  space can mix real and imaginary parts of the nonlinear sus-
neously Thus contributions of many frequencies are alwaysceptibility tensor. The distinction between these two types of
presentsee Fig. 1a)]. One has a unique source eflight  dissipation is often encountered in the literature. We consider
but several detectors for beams of different frequencies: 2 them here on an equal footing stating that the presence of
3w, etc., resulting from sum frequency generatigm par-  any of them(in our case it is the dissipation in frequency
ticular SHG; linearly propagatingo light; and a dc current space causes the system to have dynamical and thus irre-
resulting from difference frequency generation. This is dueversible properties. In this case, time reversal does not apply
to the expansion of the source tefpolarizationP’) in terms  to the symmetry analysis:**>*

W

of the electric field: So far we have reasoned that the time-reversal operation
. ) has to be excluded from the symmetry analysis of SHG.
P=P;+Py+ - = YD (w)E@ + YO w)E@E However,magnetisnmay bring an additional complication,

. ©) since the magnetic spin structure is an additional aspect the
T symmetry analysis must account for, and it is the time rever-
Imposing time reversal, the detectors become sources ars#él which is conveniently applied to flip the local magnetic
vice versa. Thus, in the time reversed process, one ends upoments. This is, however, not correct: it is the classical
with a single detector, the one which receives the light ofcovering symmetr? of the magnetic crystal which should
frequencyw [Fig. 1(b)]. In order to obtain this single fre- be addressed in a symmetry analysis rather than the
quency one has to redirect all thegeeviously generatéd —quantum-mechanical symmetry of the wave functi&tiBhis
beams back to the sample, conserving their phases. Theeans that the operation applied to reverse the localized

source term now becomes magnetic moments should be performed in real space rather
W (©) 2 (1) (20) than Hilbert spin space. Consequently, time reversal cannot
P=x"(0)E* + ¥V (20)EX*+ - - - + be used for the symmetry classification of magnetic mo-
+ XP(0) EWE® + y2(20): ECIE@) + | ments.

Taking into account that time reversal is not suitable for
(7)  the description of dynamical phenomena, one needs an op-
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Imy (@) [Dom. A Dom B ImxA (b) time reversal is antiunitary”. In this traditional approach, the
é A ' OA first two components of the sum in E®) are real, while the
A last one is imaginary. Because it is the modulus of the whole
@ \ ! sum that determines the output intensity, the domain contrast
Xoe is lost since
4 v ) _ _
—_—— | 4 *ho 2 |a+ib|=|a—ib|. 9
X2 Rex o " . . S
—— This is not the case if one uses the spatial operation of “mo-
BO Rey, ment reversal” for the symmetry classification, since then
OB both tensor elementg!?) and x{?) are just complex numbers
without any constraints on their relative phase, see Rig, 3

FIG. 3. Nonlinear susceptibility tensor elements and resultingand domain imaging is possible, as described in Ref. 27.
SHG intensity using time reversgpanel ()] and spin reversal Consequently, the symmetry analysis yields very different
[panel (b)]. Position of the points “A” and “B” is given by  predictions if one uses time or spin reversal. In the limit far
(X2 + (x§)?=2x2)- x§), ‘and the distance of the points “A”  from resonances, however, the phase difference betydgen

f"“t‘d Bt fr?ngtgefongltrt: Ofdthe gomzlexc?lgne Co”i.sv%’nds_ to ':he andx'?) approaches 90°, and the domain contrast is lost also
intensity o fom the domains /A and B, respectivisye INSEL i the “moment-reversal” descriptioriin agreement with
for an example of domains in €b5). For simplicity, the moduli of .

er{_perlmerftz).

the tensor elements have been taken as equal to 1, but the argumen-"_; . - .
q d Finally we would like to remark on the validity of previ-

tation also holds in the general case. . e
ous work on the group-theoretical classificatior(rmfigneto-

. . lo .
eration which merely flips the localized magnetic momentg/OPtical tensors. According to Pat al.;™ the time-reversal

without inverting the time flow. This can be accomplished by°Peration, because of its antiunitarity, forces the tensor ele-
purely spatial point-group operations. In maantiferromag- ments to decouple into mutually exclusive sets of purely real

netic crystals a simple translation by a lattice vector reverse@nd imaginary onegf all kinds of dissipation are neglectgd
In addition, the crystal symmetry forces the tensor elements

the magnetic moments. In many ferromagnetic and antifer: ’ )
romagnetic systems this may be accomplished by a mirrole decouple into mutually exclusive sets of elemgnts odd and
these two divisions are

operation. The spatial operation, which reverses the localizeBV€N N magnetizationreversal, _ visions - ar
magnetic moments, is called by us “moment reversal.” This€duivalent in the absence of conventional dissipation, i.e.,
operation is obviously unitary, in contrast to the time- €@ (imaginary elements are evefodd in the magnetiza-

reversal operation. Consequently, one does not need to ifion- These are the results of a purely quantum-mechanical
voke the time-reversal operation to describe the full symme@PProach, where the Hamiltonian is Hermitiarondissipa-
try of magnetic crystals. tive). However, the nonlinear susceptibility tensor describes

Next, we support our reasoning by an example where thi€ observed process of SHG, and thus one should not apply
application of time reversal and “moment-reversal” in the uniguely microscopic conclusions to the analysis of these

symmetry analysis yields different resultee Fig. 3. Let us ten_sor glements. Conseq.uently, _tak?ng ?nto account the dissi-
assume a spin structure with two domains, A and B, relate@@@tion in frequency spadee., redistribution of the response

to each other by spin rever€ilA symmetry analysis, simi- frequenciel will prevent the classification of tensor ele-

lar to the one in Ref. 27, provides us with the set of nonva/MeNts as purely real or imaginary ones, although for systems

nishing elements of the nonlinear susceptibility tenéa. with higher symmetry the classification of tensor elements as

x@ tensol along with the parities of these elements. Let us°dd and even ones in the magnetizationin the antiferro-

assume that for a certain experimental geometry only twghagnetic order parameté can still apply:

tensor elements, calleg® and y2, contribute to the re- M summary, we have shown that the time-reversal opera-

sulting SHG light, and tﬁat‘z’ is ceJdd whiley® is even in tion, often used for the symmetry classification of magneto-
1 [0} e

. : ) . . .___optical phenomena, in general cannot be applied to nonlinear
the d.om'?“” operation. The intensity of SHG light at a flxedoptics. It should rather be replaced by spatial operations, re-
polarization is given by

sulting then in a proper description of the phenomena.

—_ (2)y2 (2)y2 (2),,(2)
lo~I(xe”) +(X? )°E2x7 xo | ' (8) The authors wish to thank Professor P. Weinberger for
where "+ stands for domain A, =" for domain B. Inthe  pointing them to the concept of classical covering symme-

conventional approach, whetiene reversalis the operation tries. We are also very grateful for interesting discussions
mapping domains into each othgt?) must be purely imagi- with Dr. R. Vollmer. We acknowledge financial support by
nary andy'? purely real[Fig. 3(a)], since the operation of TMR Network NOMOKE Contract No. FMRX-CT96-0015.
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