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Development of a versatile SMOKE system with electrochemical
applications
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We describe the design, construction, and implementation of a simple and inexpensive, yet versatile
surface magneto-optic Kerr effect~SMOKE! setup designed to operate in conjunction with the
electrodeposition of magnetic layers bothin situ andex situ. The system is based on a homemade
electromagnet and commercially available components. The sensitivity of the system is
demonstrated by measuringex situ SMOKE hysteresis loops of Co thin films~down to three
monolayers thick! electrodeposited onto a Au~111! electrode substrate. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1490416#
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I. INTRODUCTION

The current general thrust in nanotechnology and na
structures has generated a great deal of interest in the d
opment of techniques capable of producing and characte
ing such structures. The case of magnetic thin films a
layered structures is an especially challenging one, whic
economically and technologically important as the record
media industry shows.1

One of the most frequently used techniques for
analysis of thin ferromagnetic samples is based on the K
effect, described by the Reverend John Kerr in 1877.2 This
consists of the rotation of the polarization plane of a lig
beam when reflected from a magnetized surface—the in
action between the incident light and the magnetized sur
rotates the polarization plane of the incident light by
amount that is proportional to the magnetization of t
sample.3 The practical method to measure this effect, a
thus the magnetization state of the sample, is relativ
simple; laser light is reflected from the sample of intere
and two crossed polarizers, before and after the sample,
cel the light intensity in the detector at zero magnetic fie
Any subsequent change in the intensity represents rotatio
the polarization plane of the light due to the magnetization
the sample induced by an applied external magnetic field

This effect has been extensively used to study the m
netism of a great variety of samples and the technique
named MOKE~magneto-optic Kerr effect!.4,5 The penetra-
tion depth of the light beam in the sample lies in the ran6

of 200 Å, which allows a good sampling of the mater
under study. The potential for the surface sensitivity of t
technique~surface MOKE or SMOKE! was first explored in
the mid 1980s by the preparation of thin films on top
nonferromagnetic materials.7 Thus, the rotation of the polar
ization plane is dominated by the interaction with the fer
magnetic overlayer.

A theoretical description of the magneto-optic Kerr e
fect was achieved as early as 1932,8 and more complete

a!Electronic mail: hda1@cornell.edu
3010034-6748/2002/73(8)/3018/4/$19.00
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quantum mechanical approaches have been proposed by
tel in 19519 and Argyres in 1955.4 ~See also Ref. 10.! In the
eighties, the increased interest in thin films and low dime
sionality structures induced the development of the SMO
technique7 and some years later theoretical models w
proposed.6 Since then, as the importance of reduced dim
sionality in magnetism has grown, the number of applic
tions of the surface magneto-optic Kerr effect h
increased.3,11,12

The three different geometries—transverse or equato
longitudinal, and polar—that can be used in order to stu
the orientation of the magnetic moments in a sample
depicted in Fig. 1. The longitudinal and polar geometries
usually employed to study magnetizations parallel and p
pendicular to the surface of the sample, respectively. T
transverse Kerr effect is generally smaller in magnitude th
the longitudinal and polar cases, but it was often used in
past to study ferromagnetic metals.3,13

In this article we describe a simple and inexpensive,
versatile setup to perform SMOKE experiments. The syst
was tested on thin cobalt samples prepared by electroch
cal deposition techniques and analyzedex situ, but in situ
measurements, in an electrochemical cell or an ultrah
vacuum~UHV! chamber, are also possible. In suchin situ
measurements, careful consideration is needed of pote
birefringent effects introduced by additional interfaces.

II. EXPERIMENTAL SETUP

A schematic of our SMOKE setup is shown in Fig.
The light sourceL is a 5 mW, 635 nmdiode laser~Coherent,
model 31-0128! which is very stable in both intensity an
polarization plane. The experimental determination of th
variations~light intensity measured at the detector after pa
ing through a polarizer! showed a total variation of the orde
of 0.5% of the total intensity. The manufacturer’s specific
tions for this laser indicate a maximum variation in the i
tensity of 0.06% and a negligible rotation in the polarizati
plane.
8 © 2002 American Institute of Physics
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After passing through the first polarizerP1 the light is
reflected off the sample, passes through the second pola
P2 and is detected by a radiometer/photometer,D ~EG&G
Electro-optics, model 450-1!. The two photographic polariz
ers ~Tiffen, 49 mm in diameter! are mounted on rotation
stages,RS1 andRS2 ~Huber, model 410 with 10:1 gear re
ducers!, allowing for fine control and reproducibility in po
sitioning. The quality of these polarizers is measured by
extinction ratio,14 which in this case is;131024.

The magnetic field is generated by a homebuilt elec
magnet~M in Fig. 2! as shown in Fig. 3. Copper magnet wi
with a thin insulating layer~Rea, 18 gauge HTAIH! was
wound on a 95 mm long aluminum spool with a 117 m

FIG. 1. A schematic of the three possible geometries in a SMOKE exp
ment: ~a! longitudinal,~b! transverse, and~c! polar.

FIG. 2. ~a! A schematic of the SMOKE setup in the longitudinal geomet
~b! A photograph of the experimental setup.L5laser;P1, P25polarizers;
RS1, RS25rotation stages for the polarizers;C5chopper; D5detector;
M5electromagnet; andS5sample. The polarizersP are mounted on the
rotation stagesRS.
Downloaded 26 Jul 2002 to 128.253.34.162. Redistribution subject to A
zer

e

-

center bore, yielding a coil with a total resistance of;20 V.
To drive current in it, a bipolar, programmable power supp
~Kepco, model BOP 100-4M! with a maximum current of 4
A at 100 V is used. The relationship between the curr
driven in the coil and the magnetic field produced on the a
was calibrated using a Hall probe~F. W. Bell Gauss/Tesla
meter, model 4048! at several distances from the edge of t
coil. The maximum achievable field on the axis of the c
was about 500 Oe in the center of the magnet~point X in Fig.
3! and about 400 Oe at the edge~point Y in Fig. 3!.

Its size and geometry make this electromagnet quite v
satile. Figure 2 shows the longitudinal SMOKE geomet
but the polar and transverse geometries can be realize
well. In addition, the magnet can be attached to a stand
4.5 in. flange of an UHV chamber forin situ vacuum mea-
surements.

To facilitate signal detection, the laser intensity is mod
lated by a mechanical chopper~Laser Precision Corporation
model CTX-534;C in Fig. 2! at ;500 Hz. The output of the
detector is fed into a lock-in amplifier~EG&G-Princeton Ap-
plied Research, model 5209!. The power supply and the
lock-in amplifier are controlled with a computer via a N
tional Instruments GPIB card and LabView software, both
sweep the magnetic field and to record the data. For the
reported in this article, every complete hysteresis loop to
between 10 and 20 s to measure. Replicate measurem
~between 2 and 25! were carried out to achieve appropria
signal-to-noise ratios.

III. MEASUREMENT PROCEDURE

It is well known that when linearly polarized light i
reflected from any surface, it becomes elliptically polarize
However, this effect is eliminated when the incident light
purelys or p polarized. In those cases, the light maintains
polarization state upon reflection.15

i-

FIG. 3. A schematic of the homebuilt electromagnet, which is cylindrica
symmetric about the dash–dotted line. The shaded areas indicate whe
magnet wire was wound around the spool. The maximum magnetic fi
~when 4 A are driven through the coil! are about 500 Oe at pointX and 400
Oe atY. The dimensions are given in inches~millimeters!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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To achieve either of these geometries with our setup
a particular measurement, the first polarizer was nomin
set to the desired polarization, and then the two polariz
were adjusted iteratively to produce the minimum intens
of reflected light at the detector. The ratio of the light inte
sity in this extinction condition to the intensity with the an
lyzing polarizer parallel to the first polarizer typically range
from 531025 to 531024. This compares favorably to th
extinction ratio for these polarizers, which indicates th
within the accuracy of the measurement, the light incident
the sample is purelys or p polarized.

Following Qui and Bader,12 in order to quantify the mea
sured Kerr signals, the analyzing polarizer was rotated b
fixed angled ~e.g., 5° or 8°! from the extinction position for
each measurement. In this situation, the Kerr rotationf8 is
related to the measured light intensity~lock-in amplifier volt-
age! I via

f85
d

2

I 2I 0

I 0
, ~1!

where I 0 is the average intensity in a hysteresis loop~the
measured intensity forf850 or no Kerr rotation! and d is
assumed to be small. This procedure has the added adva
of increasing the signal-to-noise ratio in the measurem
For a given Kerr rotation, the measured intensity chan
with respect to the averageI 0 is

I 2I 052uEu2df8. ~2!

In this equation,uEu2 represents the intensity of the reflect
light in the original polarization state.I 0 is also the fraction
of this light transmitted through the analyzing polarizer, r
tated from extinction by an angled, or I 05uEu2d2. Thus, for
a constant noise source, the signal-to-noise ratio incre
with d.

IV. TESTING OF EXPERIMENTAL SETUP

The first tests were performed on vapor deposited
films on quartz substrates. The films were about 100 Å th
as determined from a quartz crystal thickness monitor.

All three different geometries were investigated
longitudinal, polar, and transverse—with the laser at n
normal incidence. The results are presented in Fig. 4. H
teresis loops were obtained in all cases except in the p
geometry, indicating that the magnetization in these sam
does not occur perpendicular to the surface layer. The h
sensitivity of our system as constructed is apparent by
observation of the measurable hysteresis loops in the lo
tudinal case, which is a smaller effect.3,13

Using our SMOKE setup,ex situ measurements wer
performed on several Co films electrochemically depos
on a Au substrate. The nominally Au~111! sample was
formed, oriented, and cut using the Clavilier method,16 yield-
ing a sample with a diameter of about 2.3 mm. Before e
experiment, the sample was flame annealed and checke
cleanliness by cyclic voltammetry in a 0.1 M NaOH solutio
The Co films were then deposited on the sample from ei
0.01 M or 0.1 M CoCl2 with no additional supporting elec
trolyte. The potential on the Au electrode was swept down
Downloaded 26 Jul 2002 to 128.253.34.162. Redistribution subject to A
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20.9 V vs Ag/AgCl and held there for a predetermine
amount of timet depending on the desired coverage. Afte
wards, the sample was removed from the electrolyte wh
the potential was maintained and transferred to the SMO
setup.

The system was arranged in the longitudinal SMOK
geometry with the laser light incident on the sample appro
mately 77° from the surface normal. SMOKE hystere
loops were recorded for boths- andp-polarized light and for
d55° and 8°. Afterwards, the sample was transferred bac
an electrochemical cell containing 0.1 M H2SO4 as an elec-
trolyte, and the potential was swept up from20.7 V vs Ag/
AgCl to strip the Co film from the Au substrate. From th
charge associated with this stripping, the average Co
thickness could be calculated, assuming a surface atom
sity equal to that of Au~111!.

Figure 5 shows the SMOKE data obtained from thr
different Co films. The stripping measurements showed t
the films were 80, 18, and 6 ML thick. The 6 and 80 M
films were deposited from 0.01 M CoCl2 and 0.1 M CoCl2 ,
respectively, in both cases with a deposition time of 30
The difference in film thickness is consistent with the diffe
ence in concentration, assuming mass-transport limited de
sition. The 18 ML film was deposited from the 0.01 M CoC2

solution with a deposition time of 60 s. The data shown w
analyzed using Eq.~1!, and the results ford55° andd58°
were averaged. The saturation values compare favor

FIG. 4. Near normal incidence SMOKE hysteresis loops for a Co sam
vapor deposited on a quartz substrate in the~a! longitudinal,~b! transverse,
and ~c! polar geometries with the incident light initiallyp polarized.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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with theoretical calculations by Zak and co-workers17 ~also
available on the internet18!. These data show that the syste
as constructed, is sensitive to magnetic films that are on
few monolayers thick.

In summary, we have assembled a flexible and straig
forward SMOKE setup. Using a homemade electromag

FIG. 5. Longitudinal SMOKE hysteresis loops of three Co thin films~6, 18,
and 80 monolayers! electrochemically deposited on a Au~111! substrate
taken with the incident light initially~a! p polarized and~b! s polarized.
Downloaded 26 Jul 2002 to 128.253.34.162. Redistribution subject to A
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and commercially available components, a simple sys
has been constructed which is sensitive to a few monola
of Co on Au. It is sensitive enough to detect transve
SMOKE signals.
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