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Odd («<M) and even(=M?) magneto-optic effects in linear and nonlinear reflected optical fields
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Asymmetries observed in the magneto-optic response of PtMnSb in both the linear and second harmonic
reflected fields are analyzed in terms of the simultaneous detection of contributions:bdtld dnd even
(=M?) in the sample magnetizatiof50163-182008)02546-4

Pustogowa, Hubner, and Bennemanwere the first to  der inM. The off-diagonal elements are seen to control only
demonstrate that the magneto-optic response of a mediutrehavior linearodd in magnetization and the diagonal ele-
could be larger in the second harmonic field than in thements become responsible only for effects exhibiting a qua-
linear-optical field. Several workérs have since provided dratic (even dependence on magnetization.
additional experimental evidence of this possibility. The im-  The response odd in the magnetizatiorM) is that com-
plications of this result with respect to the collection andmonly referred to as the transverse Kerr effect. In order to
analysis of some magneto-optic data are perhaps not yet fulljmeasure this effect, for the respective optical orders, it can be
apparent. In studies of the Heusler alloy, PtMnSb, we havelefined in terms of a fractional change in either the intensity
observed a marked asymmetry in the second harmonic yieldf the reflected incident field or of the generated second har-
when the sample magnetization is reversed. These resulisonic field (SHG) when the magnetization is reversed.
suggest that the magneto-optic effects that are eveviy) Adopting the usual convention we therefore define param-
in the sample magnetizatiofusually small and commonly etersé and s, to be
neglected in the linear optical fieldan be larger than those
effects that are odd«(M). In such circumstances, it be- |
comes difficult to achieve an experimental configuration to o= I
provide unambiguous measurements. We show here that the
problem exists even in the transverse Kerr configurationynere |1

: ( _ , I, , and Y}, , Yi, are, respectively, the re-
commonly regarded as the simplest configuration forfI ted St ts ddst tSdSHG ield iated with
magneto-optic measurement, ected intensities and detecte yields associated wi

Following earlier extended studfg of thin films of opposite states of in-plane magnetic saturation, normal to the

PtMnSb, we report here a recent experiment to compare thejane of |nC|den_ce, L.eMs andMg. .
linear and nonlinear magneto-optic behavior of thin PtMnSh,__ N Poth the linear and the nonlinear cases the detected
films in the transverse Kerr configuration. intensity changes associated with the response odd in the

Magneto-optic measurements made in the linear opticdl'@dnetization are expected to be symmetrical about the re-
field are usually related to the material properties using 4/€cted intensity or SHG yield when the sample magnetiza-
phenomenological approach. The response of the magnetiz&g" iS Zero along a directiofz) perpendicular to the plane of
medium to an incident optical field is described by a tensofncidence,ly—o andYy—o, respectively. _
permittivity £'[Q]. It is also usual to consider any changes = 1h€ response that is even in the magnehzath(z) IS
of the complex refractive index due to crystallographic ef-the Phenomenon of linear magnetic birefringefidelB ) and
fects to be small compared with changes produced by thi$ S€en as a change in either the reflected intensity or the
magneto-optic interaction. It is then valid to permit the ten-9&nerated SH intensity whenT the sameIe is switched between
sor symmetry to be determined solely by the magnetizatiothe statesM,=0 andM;=Mg or Mg. Such changes pro-
when using either single crystal or polycrystalline samples.duce a similar magneto-optic response because of the qua-

If the magnetization is arbitrarily taken to be in tize dratic dependence o, .

S _Y{As— Y,{,ls
) SHG— UT L vl *
Yin Y,

@)

direction and, following Sokoldthe functione’(Q) is ex- We can again characterize this effect in both the linear
panded to include second-order termsQnthe tensor be- and nonlinear optical fields in terms of a fractional intensity
comes change, associated with magnetization reversal, i.e.,
. T i
(1+6,Q)  FiQ 0 P T L P N
[6']=25] *IQ  (1+1,Q%) 0}, (1 w0 " Yy oo
0 0 1

In the transverse Kerr configuration, at any angle other than
whereQ is a complex, magnetization dependent, magnetonormal incidence, the total magneto-optic response, in both
optic parameter andl, is defined by Sokolo$. the linear and nonlinear fields, is the sum of the contributions

Note that when terms involving the third and higher pow-from both the diagonal and the off-diagonal elements.
ers ofQ are dropped, the behavior described by the diagonaClearly it is not necessary to measure eithgr, or Yy —g
and off-diagonal elements becomes separated to second do- evaluate eitheb or 55, and these parameters are rarely
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FIG. 1. Magnetic hysteresis loduibrating-sample magnetome- Incident Angle

ter) of the sample used in these studies.

FIG. 2. Asymmetry in SHG yield under magnetization reversal
measured. When measuriagn the linear optical regime the in transverse Kerr configuration.
contribution of the diagonal elements is generally small
enough to be ignored\ is usually so small that it becomes aluminum garnet(A =1064 nm) laser emittin@-switched
difficult to record, except at normal incidence when the con-5 ns, 25 mJ pulses at a repetition rate of 10 Hz to produce an
tribution of the off-diagonal elements vanishes. irradiance of 210" W cm? at the film surface. Appropri-

In these cases, linear magneto-optic effects can thereforae filters were used to block SHG signals produced by the
be used with confidence to display hysteresis loops or tinput optical train and also to isolate the photomultiplier
image magnetic domain structure. Nonlinear magneto-optifrom the fundamental 1064 nm beam. In both cases reflected
effects however are now being used more frequently to chamr generated intensity values were obtained for the sample
acterize both the hysteretic properties and domain structurstatesM ,=0 andM ,= Ml or Mi. A Lecroy digital oscillo-
of magnetic surfaces and interfaces. In such applicationscope was used to average the detected signals over 500 laser
problems will arise wher g has a magnitude that is com- pulses for each data point recorded.
parable to or greater thafyc. The order in which the results are presented follows the

The PtMnSb films used in this study were prepared byhistory of their measurement. The nonlinear results were
magnetron sputtering from individual targets of Pt and MnShtaken first. The subsequent, linear measurements were ob-
(50:50 at % on to a rotating substrate. The films reported ontained to confirm the origin of the observed asymmetries in
here were 190 nm thick. As deposited they were amorphouthe nonlinear data.
and nonferromagnetic. After rapid thermal processing in The initial nonlinear studies on the demagnetized sample
vacuum using a 60-W CPQlaser they crystallized and be- confirmed fully the results of Reif, Rau, and Mathfathe
came magnetic, with the magnetization isotropic in the filmonly previous know nonlinear work on PtMnSb. They re-
plane as shown in Fig. 1. X-ray diffraction analysis showedported that the SHG output beam remainegdolarized for
the resulting samples to be composed of very fine crystalliteall linear polarizations of the fundamental 1064 nm beam
with the (111 surface predominant. and that the efficiency of the SHG process was greatly re-

Prior to making any magneto-optic measurements, the opduced when the input beam wagpolarized.
tical behavior of the sample in the demagnetized state was When measuring the magnetization dependence of the
studied in both the linear and nonling@HG) fields. In the  SHG yield in the transverse Kerr configuration, we noted
linear field the response was standard and the optical corsignificant departures from symmetry of the response about
stants measured by ellipsometry will be reported elsewherghe yield when the magnetization is zero along thdirec-
Complete ellipsometric measurement of the SHG field wagion. Moreover, the degree of asymmetry showed a marked
not possible but simple measurements, recording the poladependence on the angle of incidence, shown in Fig. 2. Mea-
ization of the SHG(532 nm) signal as a function of the surements made over a limited range of angles, in the longi-
polarization of the fundamentall064 nm) beam, were tudinal configuration, revealed similar asymmetry. Apart
straightforward. from a reversal of sign, essentially identical results were ob-

Linear magneto-optic measurements were made using fined for both left and right circularly polarized, fundamen-
chopped, highly stabilized quartz halogen source with wavetal 1064 nm input beams. Close examination of the longitu-
length selection being achieved using narrow band interferdinal measurements of Reif, Rau, and Matthiamde at a
ence filters and a solid-state detector. The nonlinear measursingle angle of incidence on a single crystal sample revealed
ments were made with a Minilite Nd:YAG(yttrium  a similar but very small asymmetry presented without com-
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FIG. 3. Asymmetry observed in the linear response in the trans- FIG. 4. TKE and LMB components separated from the total
verse Kerr configuratiofexpanded scale observed response in the linear optical field at a wavelength of 532
nm.

ment. Further comparison with the present results is difficulty,q generate both surface and volume contributions to the
however, since their SHG Kerr measurements made UsiNngHG field. Moreover. it should be noted that. when the
circularly polarized light are presented without direct refer'asymmetry is ignored, the calculatéid, values are typi-
ence to the SHG signal from the demagnetized state. cally of the order of 25—-35 %. Such large, magnetically in-
Careful examination of the linear magneto-optic measurey,ced, changes in the SHG field are probably greater than
ments in the transverse Kerr configuration revealed a similatyny effects attributable to geometric, crystallographic, or sur-
but much smaller, asymmetry, shown in Fig. 3. Systemalig,ce structure. It seems reasonable, therefore, to assume that
analysis of the all the results, assuming throughout that thgye phenomenological approach used in the linear regime can
observed response is the sum of contributions both linear angmijarly be applied in the analysis of the nonlinear behavior
quadratic in the magnetization and that the linear contribug¢ polycrystalline PtMnSb.
tion is symmetrical about the conditidy,—o permits rela- Figure 7 shows the result of applying this analysis to the
tively easy separation of the transverse Kerr eflf®E) a4 from Fig. 2. These results can be compared directly with
(M) and LMB (=M~) effects. The respective magnitudes the |inear results shown in Fig. 4. Pavleval® have dem-

of the TKE and LMB contributions at any given angle of ongirated the existence of a new transversal nonlinear
incidence are, of course, wavelength dependent. Here, we
show only the results relevant to the present nonlinear stuc A
ies, i.e., at wavelengths of 532 nm, Fig. 4 and 1066 nm, Fig e S8
5. The wavelength dependence of the linear results will be 'U/B a \
presented elsewhere. or
This analysis is confirmed for the linear field in Fig. 6, .S 0 e
which shows the magnetization-dependent change in re&
flected intensity as a function of applied magnetic field mea &
sured in the transverse Kerr configuration at normal inci-G
dence when the TKE«M) is identically zero. The loop ©
obtained is clearly the square of that shown in Fig. 1.
Nearly all nonlinear magneto-optic measurements, re s /
ported to date, are for single-crystal samples with a cent =.1x 107 \

. : B = 0 Mgy /
trosymmetrlc structure. In such cases a nonlinear respon: o —6 & \q
C

arises only from the loss of symmetry in the immediate vi- 1064 f
cinity of the surface. \>\ J

1
|-

ractiona
reflected intensity

When analyzing magneto-optic effects in these material:
it is usual to assume quadrapole interactions to be negligibl 0 20 40 60 80
and follow the approach of Pan, Wei, and SRefihe
geometry-dependent elements of the dipole nonlinear sut
ceptibility tensor are separated into two classes, odd ana
even with respect to magnetizatidM) reversal about a FIG. 5. TKE and LMB components separated from the total
given direction. This approach is not really tenable for theobserved response in the linear optical field at a wavelength of 1064
case of polycrystalline samples that are noncentrosymmetriam.

incident Angle
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FIG. 6. Hysteresis loop taken magneto-optically using the lineai ) \
field in the transverse Kerr configuration at normal incidence. v "~
magneto-optic effect. In materials like PtMnSb, in which 0 20 40 60 80

time-reversal and space-inversion symmetries are broken <
multaneously, this effect is linear ikl and would not pro-
duce the results we observed. We therefore ascribe the asym-
metry observed in the detected SHG vyield under FIG. 7. TKE and LMB components separated from the total
magnetization reversal to the same mechanism that describebserved response in the SHG fi¢&82 nn).
the linear results, i.e., to the simultaneous detection of TKE
and LMB effects. The following points should be notéd. used to characterize the magnetic behavior of surfaces and
The sign of both the TKE and LMB changes between lineaiinterfaces and to image domain structures and some domain
and SHG fields(ii) in general, the effects observed in the wall motion. It has already been pointed out by Osgood
SHG field are at least an order of magnitude larger than thet al!! that the occasionally reported asymmetries in
corresponding effects observed in the linear field and finallymagneto-optic hysteresis loops, recorded using the linear op-
(iii ) in the SHG field, the magnitude of the LMB is broadly tical field, can be explained in terms of magneto-optic effects
similar to that of the TKE and makes a significant contribu-even in magnetization. The work reported here indicates that
tion to the detected signal at most angles of incidence. similar caution is required when employing the SHG field for
Nonlinear magneto-optic effects are increasingly beinghese purposes.

Incident Angle
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