
PHYSICAL REVIEW B 1 DECEMBER 1998-IVOLUME 58, NUMBER 21
Odd „}M … and even„}M 2
… 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 odd (}M ) and even
(}M2) in the sample magnetization.@S0163-1829~98!02546-6#
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Pustogowa, Hubner, and Bennemann,1 were the first to
demonstrate that the magneto-optic response of a med
could be larger in the second harmonic field than in
linear-optical field. Several workers2–4 have since provided
additional experimental evidence of this possibility. The i
plications of this result with respect to the collection a
analysis of some magneto-optic data are perhaps not yet
apparent. In studies of the Heusler alloy, PtMnSb, we h
observed a marked asymmetry in the second harmonic y
when the sample magnetization is reversed. These re
suggest that the magneto-optic effects that are even (}M2)
in the sample magnetization~usually small and commonly
neglected in the linear optical field! can be larger than thos
effects that are odd (}M ). In such circumstances, it be
comes difficult to achieve an experimental configuration
provide unambiguous measurements. We show here tha
problem exists even in the transverse Kerr configurati
commonly regarded as the simplest configuration
magneto-optic measurement.

Following earlier extended studies5–7 of thin films of
PtMnSb, we report here a recent experiment to compare
linear and nonlinear magneto-optic behavior of thin PtMn
films in the transverse Kerr configuration.

Magneto-optic measurements made in the linear opt
field are usually related to the material properties usin
phenomenological approach. The response of the magne
medium to an incident optical field is described by a ten
permittivity «8@Q#. It is also usual to consider any chang
of the complex refractive index due to crystallographic
fects to be small compared with changes produced by
magneto-optic interaction. It is then valid to permit the te
sor symmetry to be determined solely by the magnetiza
when using either single crystal or polycrystalline sample

If the magnetization is arbitrarily taken to be in thez
direction and, following Sokolov8 the function«8(Q) is ex-
panded to include second-order terms inQ, the tensor be-
comes

@«8#5«08F ~11 f qQ2!

6 iQ
0

7 iQ
~11 f qQ2!

0

0
0
1
G , ~1!

whereQ is a complex, magnetization dependent, magne
optic parameter andf q is defined by Sokolov.8

Note that when terms involving the third and higher po
ers ofQ are dropped, the behavior described by the diago
and off-diagonal elements becomes separated to secon
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der inM. The off-diagonal elements are seen to control o
behavior linear~odd! in magnetization and the diagonal el
ments become responsible only for effects exhibiting a q
dratic ~even! dependence on magnetization.

The response odd in the magnetization (}M ) is that com-
monly referred to as the transverse Kerr effect. In order
measure this effect, for the respective optical orders, it can
defined in terms of a fractional change in either the intens
of the reflected incident field or of the generated second h
monic field ~SHG! when the magnetization is reverse
Adopting the usual convention we therefore define para
etersd anddSHG to be

d5
I Ms

↑ 2I Ms

↓

I Ms

↑ 1I Ms

↓ , dSHG5
YMs

↑ 2YMs

↓

YMs

↑ 1YMs

↓ , ~2!

where I Ms

↑ , I Ms

↓ , and YMs

↑ , YMs

↓ are, respectively, the re

flected intensities and detected SHG yields associated
opposite states of in-plane magnetic saturation, normal to
plane of incidence, i.e.,Ms

↑ andMs
↓ .

In both the linear and the nonlinear cases the detec
intensity changes associated with the response odd in
magnetization are expected to be symmetrical about the
flected intensity or SHG yield when the sample magneti
tion is zero along a direction~z! perpendicular to the plane o
incidence,I M50 andYM50 , respectively.

The response that is even in the magnetization (}M2) is
the phenomenon of linear magnetic birefringence~LMB ! and
is seen as a change in either the reflected intensity or
generated SH intensity when the sample is switched betw
the statesMz50 and Mz5Ms

↑ or Ms
↓ . Such changes pro

duce a similar magneto-optic response because of the
dratic dependence onMz .

We can again characterize this effect in both the lin
and nonlinear optical fields in terms of a fractional intens
change, associated with magnetization reversal, i.e.,

D5
I Ms

↑ 2I Mz50

I Mz50
, DSHG5

YMs

↑ 2YMz50

YMz50
. ~3!

In the transverse Kerr configuration, at any angle other t
normal incidence, the total magneto-optic response, in b
the linear and nonlinear fields, is the sum of the contributio
from both the diagonal and the off-diagonal elemen
Clearly it is not necessary to measure eitherI M50 or YM50
to evaluate eitherd or dSHG and these parameters are rare
14 175 ©1998 The American Physical Society
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measured. When measuringd in the linear optical regime the
contribution of the diagonal elements is generally sm
enough to be ignored.D is usually so small that it become
difficult to record, except at normal incidence when the co
tribution of the off-diagonal elements vanishes.

In these cases, linear magneto-optic effects can there
be used with confidence to display hysteresis loops o
image magnetic domain structure. Nonlinear magneto-o
effects however are now being used more frequently to c
acterize both the hysteretic properties and domain struc
of magnetic surfaces and interfaces. In such applicatio
problems will arise whenDSHG has a magnitude that is com
parable to or greater thandSHG.

The PtMnSb films used in this study were prepared
magnetron sputtering from individual targets of Pt and Mn
~50:50 at %! on to a rotating substrate. The films reported
here were 190 nm thick. As deposited they were amorph
and nonferromagnetic. After rapid thermal processing
vacuum using a 60-W CO2 laser they crystallized and be
came magnetic, with the magnetization isotropic in the fi
plane as shown in Fig. 1. X-ray diffraction analysis show
the resulting samples to be composed of very fine crystal
with the ~111! surface predominant.

Prior to making any magneto-optic measurements, the
tical behavior of the sample in the demagnetized state
studied in both the linear and nonlinear~SHG! fields. In the
linear field the response was standard and the optical
stants measured by ellipsometry will be reported elsewh
Complete ellipsometric measurement of the SHG field w
not possible but simple measurements, recording the po
ization of the SHG~532 nm! signal as a function of the
polarization of the fundamental~1064 nm! beam, were
straightforward.

Linear magneto-optic measurements were made usin
chopped, highly stabilized quartz halogen source with wa
length selection being achieved using narrow band inter
ence filters and a solid-state detector. The nonlinear meas
ments were made with a Minilite Nd:YAG~yttrium

FIG. 1. Magnetic hysteresis loop~vibrating-sample magnetome
ter! of the sample used in these studies.
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aluminum garnet! (l51064 nm) laser emittingQ-switched
5 ns, 25 mJ pulses at a repetition rate of 10 Hz to produce
irradiance of 73107 W cm22 at the film surface. Appropri-
ate filters were used to block SHG signals produced by
input optical train and also to isolate the photomultipli
from the fundamental 1064 nm beam. In both cases refle
or generated intensity values were obtained for the sam
statesMz50 andMz5Ms

↑ or Ms
↓ . A Lecroy digital oscillo-

scope was used to average the detected signals over 500
pulses for each data point recorded.

The order in which the results are presented follows
history of their measurement. The nonlinear results w
taken first. The subsequent, linear measurements were
tained to confirm the origin of the observed asymmetries
the nonlinear data.

The initial nonlinear studies on the demagnetized sam
confirmed fully the results of Reif, Rau, and Mathias,2 the
only previous know nonlinear work on PtMnSb. They r
ported that the SHG output beam remainedp polarized for
all linear polarizations of the fundamental 1064 nm be
and that the efficiency of the SHG process was greatly
duced when the input beam wass polarized.

When measuring the magnetization dependence of
SHG yield in the transverse Kerr configuration, we not
significant departures from symmetry of the response ab
the yield when the magnetization is zero along thez direc-
tion. Moreover, the degree of asymmetry showed a mar
dependence on the angle of incidence, shown in Fig. 2. M
surements made over a limited range of angles, in the lo
tudinal configuration, revealed similar asymmetry. Ap
from a reversal of sign, essentially identical results were
tained for both left and right circularly polarized, fundame
tal 1064 nm input beams. Close examination of the long
dinal measurements of Reif, Rau, and Matthias2 made at a
single angle of incidence on a single crystal sample revea
a similar but very small asymmetry presented without co

FIG. 2. Asymmetry in SHG yield under magnetization rever
in transverse Kerr configuration.
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PRB 58 14 177BRIEF REPORTS
ment. Further comparison with the present results is diffic
however, since their SHG Kerr measurements made u
circularly polarized light are presented without direct refe
ence to the SHG signal from the demagnetized state.

Careful examination of the linear magneto-optic measu
ments in the transverse Kerr configuration revealed a sim
but much smaller, asymmetry, shown in Fig. 3. Systema
analysis of the all the results, assuming throughout that
observed response is the sum of contributions both linear
quadratic in the magnetization and that the linear contri
tion is symmetrical about the conditionI M50 permits rela-
tively easy separation of the transverse Kerr effect~TKE!
(}M ) and LMB (}M2) effects. The respective magnitude
of the TKE and LMB contributions at any given angle o
incidence are, of course, wavelength dependent. Here,
show only the results relevant to the present nonlinear s
ies, i.e., at wavelengths of 532 nm, Fig. 4 and 1066 nm, F
5. The wavelength dependence of the linear results will
presented elsewhere.

This analysis is confirmed for the linear field in Fig.
which shows the magnetization-dependent change in
flected intensity as a function of applied magnetic field me
sured in the transverse Kerr configuration at normal in
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,
ported to date, are for single-crystal samples with a c
trosymmetric structure. In such cases a nonlinear respo
arises only from the loss of symmetry in the immediate
cinity of the surface.

When analyzing magneto-optic effects in these mater
it is usual to assume quadrapole interactions to be neglig
and follow the approach of Pan, Wei, and Shen.9 The
geometry-dependent elements of the dipole nonlinear s
ceptibility tensor are separated into two classes, odd
even with respect to magnetization~M ! reversal about a
given direction. This approach is not really tenable for t
case of polycrystalline samples that are noncentrosymme

FIG. 3. Asymmetry observed in the linear response in the tra
verse Kerr configuration~expanded scale!.
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and generate both surface and volume contributions to
SHG field. Moreover, it should be noted that, when th
asymmetry is ignored, the calculateddSHG values are typi-
cally of the order of 25–35 %. Such large, magnetically in
duced, changes in the SHG field are probably greater th
any effects attributable to geometric, crystallographic, or su
face structure. It seems reasonable, therefore, to assume
the phenomenological approach used in the linear regime
similarly be applied in the analysis of the nonlinear behavi
of polycrystalline PtMnSb.

Figure 7 shows the result of applying this analysis to th
data from Fig. 2. These results can be compared directly w
the linear results shown in Fig. 4. Pavlovet al.10 have dem-
onstrated the existence of a new transversal nonline

s- FIG. 4. TKE and LMB components separated from the tot
observed response in the linear optical field at a wavelength of 5
nm.

FIG. 5. TKE and LMB components separated from the tot
observed response in the linear optical field at a wavelength of 10
nm.
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magneto-optic effect. In materials like PtMnSb, in whi
time-reversal and space-inversion symmetries are broke
multaneously, this effect is linear inM and would not pro-
duce the results we observed. We therefore ascribe the a
metry observed in the detected SHG yield und
magnetization reversal to the same mechanism that desc
the linear results, i.e., to the simultaneous detection of T
and LMB effects. The following points should be noted.~i!
The sign of both the TKE and LMB changes between lin
and SHG fields,~ii ! in general, the effects observed in th
SHG field are at least an order of magnitude larger than
corresponding effects observed in the linear field and fina
~iii ! in the SHG field, the magnitude of the LMB is broad
similar to that of the TKE and makes a significant contrib
tion to the detected signal at most angles of incidence.

Nonlinear magneto-optic effects are increasingly be

FIG. 6. Hysteresis loop taken magneto-optically using the lin
field in the transverse Kerr configuration at normal incidence.
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used to characterize the magnetic behavior of surfaces
interfaces and to image domain structures and some dom
wall motion. It has already been pointed out by Osgo
et al.11 that the occasionally reported asymmetries
magneto-optic hysteresis loops, recorded using the linear
tical field, can be explained in terms of magneto-optic effe
even in magnetization. The work reported here indicates t
similar caution is required when employing the SHG field f
these purposes.

r

FIG. 7. TKE and LMB components separated from the to
observed response in the SHG field~532 nm!.
, J.

s.

H.
1U. Pustogowa, W. Hubner, and K. H. Bennemann, Phys. Rev
49, 10 031~1994!.

2J. Reif, C. Rau, and E. Matthias, Phys. Rev. Lett.71, 1931
~1993!.

3R. Vollmer, M. Straub, and J. Kirschner, J. Magn. Soc. Jpn.20
~S1!, 29 ~1996!.

4B. Kooprmans, M. G. Koerkamp, T. Rasing, and H. van d
Berg, Phys. Rev. Lett.74, 3692~1995!.

5G. S. Bains, R. Carey, D. M. Newman, and B. W. J. Thomas, J
J. Appl. Phys., Part 16, 46 ~1991!.

6R. Carey, H. Jenniches, D. M. Newman, and B. W. J. Thomas
B

n.

J.

Magn. Soc. Jpn.17, 290 ~1993!.
7R. Carey, H. Jenniches, D. M. Newman, and B. W. J. Thomas

Appl. Phys.75, 7081~1994!.
8A. V. Sokolov, Optical Properties of Metals~Blackie and Son,

London, 1967!.
9Ru-Pin Pan, H. D. Wei, and Y. R. Shen, Phys. Rev. B39, 1229

~1989!.
10V. V. Pavlov, R. V. Pisarev, A. Kirilyuk, and Th. Rasing, Phy

Rev. Lett.78, 2004~1997!.
11R. M. Osgood, S. D. Bader, B. M. Clemens, R. L. White, and

Matsuyama, J. Magn. Magn. Mater.182, 297 ~1998!.


