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Vectorial second-harmonic magneto-optic Kerr effect measurements

P. Kabos,? A. B. Kos, and T. J. Silva
Electromagnetic Technology Division, National Institute of Standards and Technology, Boulder,
Colorado 80303

A significant modification of an existing experimental technique based on the second-harmonic
magneto-optical Kerr effediSH-MOKE) is introduced. With g-polarized pumping optical wave
incident upon a magnetic film, the transverse component of magnetization causes a change in the
second-harmonic generation efficiency of the material and the longitudinal component of the
magnetization produces a change in the polarization rotation and/or ellipticity of the
second-harmonic signal. This permits simultaneous vectorial measurement of the in-plane
magnetization components. Examples of measured hysteresis loops from 50 nm thick permalloy
films and procedures for SH-MOKE signal calibration are present¢80021-897@0)17108-7

I. INTRODUCTION Il. METHOD

In this article we introduce a technique for the vectorial A Sample of permalloy (NhFeg) film, 50 nm thick,

measurement of magnetization applicable to thin films. It ig9rOWn on Si by dc magnetron sputtering was positioned on a
based on a novel modification of the well-establishedholder. Two sets of Helmholz coils were positioned around

second-harmonic magneto-optic Kerr effeGH-MOKE) the holder to provide two orthogonal magnetic fields in the
technique. In a SH-MOKE experiment, a sample is illumi- plane of the sample for static bias or for static measurement

- : of hysteresis loops.
nated with light at frequency, and a signal at frequency.2 - ¥he foIIowian)] coordinate conventions will be used
's generated at the surface when the peak power denSltlef\ﬁ'roughout the article: The film defined tle-y plane. The
exceed about 10 GW/cmAs discussed below, the signal at . L . -
. . . _incident laser beam defined thxe-z plane, with thez axis
2w is related to the in-plane components of the magnetiza-

i ; iting th torial t of normal to the film plane. The magnetization components in
lon vector, permitiing the vectorial measurement of magney, o andy axes are referred to as the longitudinal and trans-

tizationM. Th'S, technique has several advantages. First, _S"\'/erse components, respectively. For these measurements, the
MOKE exhibits ~ enormous ~magnetic contrast, With g, \yas magnetized in the plane of the film. The out-of-
demonstratedlmtensny changes of up to 5a¥6upto 60%  hjane orz component of magnetization can be neglected in
for permalloy.” Second, the technique may be used to meagis particular case; this assumption is well justified for per-
sure the magnetic behavior in an extremely small samplgyajioy films several tens of nanometers thick and with a
area because of its surface sensitivity resulting from nonlingatyration magnetization of 800 kA/m.

ear Optical OriginS. Third, Subpicosecond time resolution Second-harmonic generatiQﬁHG) from a metallic sur-
gives a broad dynamic range for the observation of any timeface may be described with a phenomenological second-
dependent fine structure in the magnetization componentsrder reflectivity tensor, where the basis coordinates of the
response during the switching process. The modification oincident electric field are either in the plane of incideitpe

the existing SH-MOKE technique should greatly extend itsor orthogonal to it(s). The SHG is then given by
experimental utility.

Berger and Pufallhave demonstrated vector magnetom-
etry with a continuous wave laser source using generalized
magneto-optical ellipsometffGME). Such an approach has
the obvious advantage of using an inexpensive light sourceB . . .
as opposed to an ultrafast laser required for SH-MOKE. Irl oth in-plane magnetization components contribute to the

addition, GME may be considered a “bulk” sensitive tech- tSthl\rA aaz\lfeggnn?[a. l:e:ihzt;tii;sioﬁsgm:t%égt;igi?einggi
nique, insofar as the depth sensitivity of MOKE greatly ex- g porety Y

ceeds that of SH-MOKE. We consider GME and the nonlin-t0 the second-order Fre§nel refle_c'Flon (_:oefflc;leﬁ%_, Wh("ze)
the second-order reflection coefficient in thelirectionr g

ear optical method outlined here to be complementaryis unaffected. Hence, in thep-transverse geometry, the

However, .GME does require multiple measuremepts at dlf'change in the transverse magnetization component contrib-
ferent settings of the polarizer and analyzer for a given mag

utes only to a change of the SHG efficiency. However, the

netization state for a unique determination of the magnetizafongitudinal magnetization componeM, contributes pri-

tlpn vector. The methpd described here. re.l|es on e}narily to r(szp); in a first-order approximatiomg,zp) remains
simultaneous determination of both the polarization and iny, -« taq byM, . In addition,r2 exhibits purely odd de-
X

tensity of second-harmonic light, a process that is more o5 dence oM, . changing its’sisgn with the changing direc-
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ducive to dynamical measurements. tion of M. Any change in rotation of the polarization and/or
ellipticity of the signal can, therefore, be attributed entirely
dElectronic mail: kabos@lamar.colostate.edu to the longitudinal magnetization component.
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FIG. 1. Block diagram of the measurement. y
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In general, longitudinal SH-MOKE also results in a

change of SHG efficiency. However, for permalloy at a 45° 500
angle of incidence longitudinal SH-MOKE is less than 10°, -
resulting in a net change in SHG of only 1%—-2%. Such a %_ 600
small change in intensity may be neglected if compared with %’

the enormous magnitude of change in intengity60%) for 5% 400
transverse SH-MOKE. The potential for much larger change Z

in polarization in the case of longitudinal SH-MOKE merits o 200
caution in adopting these methods to arbitrary materials, es- 2
pecially at small angles of incidenéélhese two manifesta- — 0 s
tions of SH-MOKE permit simultaneous vectorial measure-

ment of the in-plane magnetization. '2091.5

IIl. EXPERIMENTAL SETUP
. . . . FIG. 2. As measured SH-MOKE signals corresponding/A® the photon
A block dlagram of the measurement is shown in Fig. 1-counteroutput andB) the lock-in amplifier signal. The sample was a per-

As a laser source, we used a commercial mode-locked Tinalloy film 50 nm thick on Si with uniaxial anisotropy along tkexis. The
sapphire laser producing pulses 50-60 fs long, with an 82olid lines drawn through the data are the fits using SW to model the de-
MHz repetition rate at an 800 nm wavelength. The pulsependence oM onH. The dashed line ifB) is the fit with 24 A/m(0.3 O¢

. ) . ?f stray longitudinal(x-axis) field included in the model.
repetition rate was reduced to 1 MHz by use of a commercia
electro-optic “pulse picker,” thereby reducing the average
power incident on the sample to 4—5 mW without sacrificing
the high peak power densities required for SHG. This aldV. RESULTS AND DISCUSSION
lowed us to use a much smaller spot size at the sample than
would otherwise be possibl®-polarized light was incident
on the sample at an angle of 45°, and was focused to sp
size of approximately wm. After reflection from the sample

surface, the light was collimated by a second lens and pass e ) )
sample. The digital counter signal was a direct measurement

through the first level of filtration by an interference filter > -
designed to remove the fundamental frequency of the lighP! fransverse SH-MOKE, corresponding ko, , while the
lock-in signal comprised a mixture of longitudinal and trans-

from the SHG. The second-harmonic signal was then di- ' g ¢

rected successively into a Babinet—Soliel compensator, %6rse SH-MOKE, insofar as the lock-in output is propor-
photoelastic modulatofPEM), an analyzer set at 45°, a tri- tional t_o both t_he polgnzatlon an_gle_and the |ntens_|ty qf the
angular prism to further filter out the fundamental light, angSHC Yield. This requires normalization of the lock-in signal
then a photomultiplier tubMT) operated in photon count- PY the SHG signal seen in Fig(/) to obtain the pure lon-
ing mode. A coincidence-detection circuit selected onlyditudinal SH-MOKE signal.

those photon-induced pulses that were coincident with the 10 obtain the magnetization components from the raw

laser pulses, thereby greatly reducing the detected bacidata, we employed a calibration procedure similar to the one

ground signal. The resulting digital pulses are then fed sidescribed in Ref. 7. The transverse SH-MOKE signal is
multaneously to a digital counter and a lock-in amplifier. ~ €dual to

The combination of the PEM, analyzer, and lock-in am- 0 D124 | 2N2 2
plifier measured the SHG ellipticity and/or polarization I= m(b(nm +xm’[* Mg
angle® The signals at the fundamental component of the nm
PEM modulation frequencgs0 kH2) and at the second har- +2 cosg|x DX m), 2
monic of the modulation frequency correspond to the ellip-
ticity and the polarization rotation, respectively. Both signalswhere we have decomposed the effective second-order sus-
may be used for the measurement. We used the compensatm@ptibility tensor componel)@(zp) into its magnetically sensi-
to convert all polarization changes into angular rotationstive (x{?) and insensitiveﬁ%) parts.|, is the SHG inten-
thereby simplifying the measurement. sity due solely to nonmagnetic source terms. The phase

Figure 2 shows the raw hysteresis-loop signals corre-
§ponding to the digital counter outpGh) and the lock-in
amplifier output(B) for a permalloy film 50 nm thick. The
Syvept magnetic field was orthogonal to the easyxis of the
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H (Oe) line is the SW fit to the datafter calibration of the raw data.
15 <10 -5 0 S 10 15 Like in the case shown in Fig.(B), the fit to 6, could be
1.5 T 7 T y ; T T improved (dashed ling by inclusion of 24 A/m(0.3 O¢ of

stray longitudinal field. Both the magnitudes of “local” an-
isotropy field,H,, and orientatione, can be determined with

a high degree of accuracy from this subsequent fit. Figure
3(A) represented a self-consistency check of the technique:
Within experimental error the resulting average magnetiza-
tion is equal to unity over the applied field interval. From
05r T Fig. 3, one may conclude that the magnetization process for
our particular sample is reasonably well described by the
coherent rotation model of SW.

As was discussed above, the fitting procedure gives the
ratio of the effective magnetic and nonmagnetic second-
order susceptibility componenis =|x'2)|/|x?|, as well as
the local anisotropy fieldH, . For the spot measured in Fig.

3 the particular values wereH,=640A/mt8A/m
(8 Oet0.10e),e=0.14°+0.08°, x,=0.27, and¢ = 0.002.
We were therefore able to map spatial variations in both

M|

100 | ]

50

(degrees)
[l

= ; . . X
@ 50 the magnetic and nonlinear optical properties. As an ex-
B ample, we determined the variation of the local anisotropy
100 Pl | field magnitude and angle obtained from a second sample

- 1 L 1 1 1

with a permalloy film 50 nm thick deposited on a 1@@n
sapphire substrate. We observed a noticeable positional

: H (kA/m) variation of the anisotropy field in the investigated sample,
FIG. 3. Processed experimental data with tA¢ magnetization magnitude suggesting the presence of a magnetization riﬁBIé’he
M| and (B) magnetization angle,, as functions of external field. The ‘g : .
sample was a permalloy film 50 nm thick on Si with uniaxial anisotropy standard deviation of the anISOErOpy mag,thde and angle
along thex axis. The solid line represents the SW fit to the dafer =~ WEre 13-6_ A/m(O.l? Og¢ and 2.4°, reSpeCUVe'}’- The mea-
calibration. The dashed line iiiB) is the SW fit with 24 A/m(0.3 O of ~ sured variation ofH, exceeded the error estimates at the
stray longitudinalx-axis) field included in the modeH, =640 A/m (8 Oe), individual points by a factor of-2, indicating that the tech-
as determined from the SW fit. . - . . .

nigue has a sufficient signal-to-noise ratio to resolve the local

variations of anisotropy. Such spot measurements more di-

difference betweery'2) and x(?) is given by ¢, and m, rectly determinehe sourceof the magnetization ripplé.e.,

=M, /M. We model the field dependence mf, with the dispersion inH k)_ than bulk mggnet(_)metry techniques, such
Stoner—Wohlfarth (SW) equation for a single-domain @S transverse-bias permeability or inductive-looper measure-
uniaxial-anisotropy system. Nonlinear least-squares fitting ténents. _ _ _

the data permits extraction pf2)|/|x?)], ¢, andl,. Deter- In conclusion, we have introduced an experimental tech-
mination of these four parameters thereby provides the caliique that allows vectorial measurements of in-plane compo-
bration of the transverse SH-MOKE measurements: Wwéents of magnetization in thin films. This method proved to
solve form, as a function of using Eq.(2). The longitudinal be useful for determination of magnetization reversal pro-
SH-MOKE data(i.e., the lock-in signal divided by the coun- CESS€S in the thin-film magnetic structures, and can also pro-
tersigna) are assumed to be linear M,. The proportional- vide definitive experimental verification of different theoret-

ity constants are determined by fitting experimental data td@ models due to its vectorial nature. We presented
SW calculations. examples of only static vectorial SH-MOKE measurements;

The solid lines in Fig. 2 show the results of fitting. The Nowever, this technique is also amenable to dynamic mea-
fit to transverse SH-MOKE in Fig.(2) is excellent. How- surements, insofar as the use of a pulsed laser permits optical

ever, at positived there is some discrepancy between lock-inS@MPpling of magnetic respon§e.

data and the fit curve: The data exhibit a smooth approach to . _

saturation, whereas the SW model predicts sharp saturationI-et':"-6 gri“g’;‘;ﬂgg;- Rogers, T. J. Silva, and Y. K. Kim, Appl. Phys.

atH =_Hk. This slight departure from e_xa<_:t SW behavior is 2, Berg’er and M. R. Pufall, J. Appl. Phy85, 4583(1999.

most likely the effect of a stray magnetic field directed along 3. M. Crawford, Ph.D. thesis, University of Colorado, Boulder, 1995.

the easy axis that was not completely cancelled out by the'T. M. Crawford,( C. g Rogers, T. J. Silva, and Y. K. Kim, IEEE Trans.

Helmholtz coils. For illustration of this point we have in- Magn-32 4087(1996. _

cluded a fit to the data in Fig.(B) with oﬁly 24 AIm (0.3 °B. Koopmans, M. ((3 Kc5>)erkamp, T. Rasing, and H. van den Berg, Phys.
: : Rev. Lett.74, 3692(1995.

Oe) of stray easy-axis field. The addition of this stray field ¢F. Suits, IEEE Trans. Mag28, 2976(1992.

removes the discrepancy between the fit and the data. ’T.J. Silva and T. M. Crawford, IEEE Trans. Magsb, 671(1999.

: . . 8K. J. Harte, J. Appl. Phys39, 1503(1968.
Figure 3 shows the results of the calibration proceduregH. Hoffmann, IEEE Trans. Magnl, 32 (1968.

for both the normalized average magnetizatidf| [Fig. o7 Crawford, T. J. Silva, C. W. Teplin, and C. T. Rogers, Appl. Phys.
3(A)] and the magnetization angtg, [Fig. 3B)]. The solid Lett. 74, 3386(1999.
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