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Abstract. We describe magneto-optic Kerr effect studies of ultrathin Fe and Ni films on
single crystal surfaces of Ag and Cu. Monolayer Fe films on Ag(100) exhibit the
theoretically predicted spin-orbit anisotropy, but also yield some interesting discrepancies
between behavior predicted by Kerr effect and by spin-polarized photoemission experi-
ments. Layer-dependent studies of the magnetic moment of Ni on Ag(111) and Ag(100)
suggest sp-d hybridization effects quench the first layer magnetic moment on Ag(111) but
not on Ag(100). Temperature dependent studies of thin film magnetization obtained from
Kerr effect measurements yield thickness dependent Curie temperatures, and critical

exponents for several thin film systems.

PACS: 75.30.Gw, 75.70.Ak, 75.40.Cx

Recent scientific and technical advances have created
unprecedented new opportunities for fundamental
studies of magnetism and magnetic materials. New
methods for materials synthesis based on molecular
beam epitaxy (MBE) now permit precise control of the
composition and structure of epitaxial layers. Epitaxial
growth techniques also offer opportunities to deliber-
ately modify the structure of bulk magnetic materials,
i.e., fcc Fe, bce Ni, and bee Co can be stabilized on
suitable substrates. Magnetic structures of this type are
known to exhibit properties that depart from those
of naturally occurring bulk materials. The two-
dimensionality of ultrathin films is accompanied by
different local coordination (number of nearest neigh-
bors) and by electronic coupling to the substrate that
also serves as a growth template. These factors alone
introduce significant modifications in the magnetic
behavior of the films.

Parallel to the developments of MBE and other
thin film synthesis techniques has been the continued
refinement of structural tools such as low-energy
electron diffraction (LEED) and the discovery of new
structure sensitive methods for probing properties of
substrate surfaces, and the atomic level geometry of
surfaces and epitaxial layers. Large scale first principles
calculations based on the local spin-density approxi-

mation have achieved outstanding success in predict-
ing realistic ground state electronic properties of bulk,
surface, and thin-film materials. These calculations
have the capability of also predicting magnetic pro-
perties including magnetic exchange splitting, as well
as the preferred spin direction in thin epitaxial films
when spin—orbit effects are included.

The advances in predictive capabilities achieved by
large scale calculations and the continued improve-
ments in materials synthesis and characterization
techniques have been accompanied by the introduc-
tion of new experimental probes of thin film magnetic
properties. Spin-polarized photoemission is now ex-
periencing a revolutionary advance based on the
increased flux available from magnetic insertion de-
vices (undulators) at electron storage rings [1].
Magneto-optic Kerr effect spectroscopy has recently
been refined to a state where it can be used to probe
monolayer films [2—4]. Other spin sensitive techniques
have evolved including spin-polarized LEED, spin-
polarized secondary emission using the high spatial
resolution of an electron microscope, and spin-
polarized core level spectroscopy.

This paper focuses on the use of the magneto-optic
Kerr effect to probe magnetic properties of ultrathin
magnetic films. A brief description of the technique
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including a discussion of factors that affect the sensitiv-
ity is presented first. This discussion is followed by
three examples in which the Kerr effect is used to probe
magnetic anisotropy, electronic coupling effects involv-
ing the substrate, and critical behavior of ultrathin
magnetic films near the Curie temperature.

1. Magneto-Optic Kerr Effect

Polarized light reflected from a metallic surface is in
general elliptically polarized with the axis of the ellipse
rotated in relation to the initial polarization vector.
This effect is explained quantitatively by the classical
Fresnel reflection formulas. When the metallic surface
is ferromagnetic, a small additional rotation and phase
shift are introduced. The magnetic contributions to the
rotation and phase shift are proportional to the
magnetization of the surface (not the applied field) and
the effect is known as the magneto-optic Kerr effect
(MOKE) [5], and the surface magneto-optic Kerr
effect (SMOKE) when applied to ultrathin (d < /) films.

The microscopic origin of the MOKE is well
established [6]. The effect is produced by the spin-orbit
interaction which couples the spin component of an
electron’s wave function to its spatial component.
Optical absorption at visible wavelengths occurs as a
result of electric dipole transitions that involve the
spatial overlap of electron wave functions coupled by
optical selection rules. When a material is magnetized,
spin-orbit coupling introduces a small magnetic
contribution to the optical response that can be used to
opticaily probe magnetic properties. In bulk materials,
Kerr rotations and ellipticities are of the order of
10~ rad.

2. Experimental Details

Magneto-optic Kerr effect spectroscopy has not been
widely used to probe the magnetic properties of
ultrathin (1-10 monolayer) films. It is therefore appro-
priate to describe our particular implementation of the
technique and to outline some of the important
capabilities that the method offers, based on our initial
experiments. Figure 1a displays a side view of our Kerr
effect/MBE instrument that illustrates its primary
features. The vacuum system incorporates two 8"
diameter flanges, that mount MBE cells, and is
pumped by a 4001/s ion pump and a LN, cooled
titanium sublimation pump that maintain a typical
base pressure of 5x107 ' Torr. The preparation
chamber features an Auger analyzer that can monitor
the sample during MBE growth, and a reverse view
LEED system for determining the structure of sub-
strates and of epitaxial films. A sample manipulator
provides access to the thin film preparation plane
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Fig. 1. Upper panel, schematic diagram of the vacuum system
that incorporates MBE, LEED/Auger surface analysis, and
SMOKE spectroscopy. Lower panel, details of Kerr effect
spectrometer part of vacuum system showing rotating magnet
pole caps

(LEED/Auger/MBE) and the Kerr effect spectroscopy
plane (scattering chamber). Samples can be heated to
2800°C by electron beam heating and cooled to 100 K
(LN,) or to 30K (LHe). The sample can also be
subjected to an applied magnetic field of +3000 Oe
either in the surface plane or normal to it by a rotatable
electromagnet with pole caps inside the vacuum cham-
ber. Details of the scattering chamber are shown in
Fig. 1b. Mechanical stability is of paramount im-
portance during Kerr effect measurements. A two-
layer thick epitaxial Ni film on Cu(111) yields a Kerr
rotation (at 1= 6328 A) of approximately 2 x 10~ rad
when magnetized to saturation in the film plane. The
entire vacuum system and all optical components,
including the source and detectors are mounted on an
optical bench that is vibrationally isolated from the
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Fig. 2. Upper panel, block diagram of signal processing technique
used to measure Kerr effects and obtain hysteresis loops. Optical
components are also shown. Lower panel, plot of calculated (line)
contrast (refer to text) and experimental measurements showing
optimized analyzer angle

floor. Special mechanical stabilization of the dewar is
incorporated into the scattering chamber design. Pre-
cision laser optical mounts are used throughout.

Figure 2a illustrates the principal optical elements
of our Kerr effect spectrometer, and describes the
signal processing technique utilized to obtain hyster-
esis loops from the Kerr rotations. A light beam from a
laser or monochromator is chopped and polarized
before being reflected from the sample. We usually
grow the epitaxial magnetic layers on only half of the
substrate to maintain a “reference” surface. Reflected
light passes through an optical phase shifter that is
adjusted to compensate phase shifts in the reflected
beam, and then through an analyzer that converts the
polarization rotation A¢ into a change in detected
intensity, 41. The computer is necessary to account
for electromagnet hysteresis effects (table look-up)
and for background subtractions.

A straight-forward calculation shows that the
contrast C defined by 41/1,,, where AI is produced by

the (Kerr) rotation and I, is the transmitted intensity
(resulting from depolarization effects and any offset of
the analyzer from a crossed position) is given by:

_ 20 ¢
1+l /e

where y is the analyzer angle, and y,, is the angle that
yields the maximum contrast. The angle ¢ is the Kerr
effect angle, and ¢ characterizes the extinction ratio of
the optical system (polarizers, windows, and sample
surface all included). The extinction ratio can be
considered the parameter that governs the perfor-
mance of the polarimeter. Figure 2b shows a plot of

C/C,, (where C,,= (]5/1/8-) Vs /7., along with measured
values obtained using a three monolayer Fe film on
Ag(100). The excellent agreement between experi-
mental results and the analytical expression demon-
strates our analysis of the experimental factors affecting
the sensitivity of this technique is basically correct.

3. Thin Film Anisotropies, Coercive Forces

It is an experimental fact that (bulk) ferromagnetic
single crystals exhibit “easy” and “hard” directions of
magnetization; i.e., the energy required to polarize the
spins depends on the direction of the applied field
relative to the crystal axis. This property (magnetic
anisotropy) along with other properties including the
coercive force and remanent magnetization are among
the most technologically important properties of mag-
netic materials. It is these properties that provide the
basis for information storage and retrieval and other
important applications of magnetic materials. Thin
film magnetic materials also exhibit magnetic aniso-
tropy. However, the physical basis that underlies a
preferred spin orientation in an ultrathin film can be
quite different from the factors that account for easy
axis alignment along a high-symmetry direction of a
single crystal bulk material.

We have recently demonstrated the capability of
Kerr effect spectroscopy to probe the magnetic an-
isotropy of an epitaxial monolayer film [3]. Figure 3
displays layer dependent hysteresis curves obtained
from a p(1 x 1) Fe layer on Ag(100). The three apper
panels correspond to different directions of the applied
magnetic field. From these data, it is clear that the easy
axis at n=1 layer is perpendicular to the surface, and
for n>2 layers, the easy axis lies in the plane. The small
hysteresis seen in the 2.5 layer film with the applied
field perpendicular to the planeis actually due to an in-
plane component of magnetization. The in-plane mag-
netization is reversed by a small longitudinal field
caused by slight misalignment of the sample-magnet
combination. Subtraction of the in-plane signal results
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in the linear (hard axis) hysteresis behavior. This data
supports the calculations of Gay and Richter [7] that
predict spin-orbit effects favor perpendicular spin
orientation for a Fe monolayer on Ag(100). The two
lower panels of Fig. 3 display layer dependent hyster-
esis data for applied magnetic fields in the plane and
along two inequivalent symmetry directions of a
p(1 x 1) Fe crystal on Ag(100). These results clearly
exhibit experimental evidence for in-plane surface
magnetic anisotropy. The results also demonstrate the
capability of Kerr effect studies of monolayer epitaxial
films to yield information about coercive forces, easy
and hard directions of magnetization, magnetic re-
manence and M(H) curves,

It is interesting to note that the spin-polarized
results of Stampanoni et al. [8] for Fe on Ag(100) have

been interpreted to indicate that the perpendicular
anisotropy at 30 K does not persist below 3.5 mono-
layers, or above 5 monolayers, and that above 100 K
there is no perpendicular remanence for any film
thickness. Our results suggest that at 100 K the easy
direction is perpendicular to the plane for films less
than approximately 2.0 monolayers thick and in-plane
for films greater than 2 layers. As the temperature is
decreased to 30K we find that films up to 3.0
monolayers thick exhibit a perpendicular easy direc-
tion of magnetization. The films thicker than 3.0 layers
show evidence that at even lower temperatures they
too would have an easy direction perpendicular to the
plane. All of our results agree very well with the results
from spin-polarized photoemission [9], ferromagnetic
resonance (FMR) [10], conversion electron Moss-
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bauer spectroscopy (CEMS) [11], and scanning
electron microscopy images [12].

The disagreement with the spin-polarized results of
Stampanoni is probably due to microstructural dif-
ferences in the substrates which are used as a template
for the thin film overlayers. It has been seen that an
increased step density will decrease the perpendicular
anisotropy [13]. If their substrate had a high step
density, it would take about 3 layers to smooth out
these steps and they could then detect the per-
pendicular anisotropy when the sample is at 30 K. It
must be noted though that the CEMS and FMR
measurements are made on superlattices and
overcoated samples; the photoemission, scanning
electron microscopy, and MOKE measurements are
done on as grown single film samples and since the
extra metal-metal interface may enhance the per-
pendicular anisotropy, direct comparison of all of
these results is difficult.

4. Electronic Structure Effects

Ultrathin epitaxial magnetic films must be grown on
substrates. The substrate not only provides a growth

LONGITUDINAL CONFIGURATION
T =110 K
Ni/Ag(111)

ML ML

Ni/Ag(100)

template for the film epitaxy, it also can influence the
magnetic properties of the film by electronic coupling
effects such as charge transfer and sp-d hybridization
between electronic states of the film and substrate.
These effects have been explored theoretically based on
first principles electronic structure calculations. Work
by Freeman’s group [14] has predicted enhanced
moments that depend on specific details of the systems.
Corresponding work by Tersoff and Falicov [15] has
explored the crucial role sp-d hybridization plays in
governing the magnetic properties of ultrathin films.
Their results include specific predictions [ quenching of
ferromagnetic behavior at a Ni/Cu(111) interface] that
we have explored using Kerr effect spectroscopy,
which is described below.

Figure 4 displays hysteresis curves obtained from
Kerr effect measurements of epitaxial Ni films on
Ag(111) and Ag(100). The Ni/Ag(111) system exhibits
particularly good epitaxy for n<10 judged from our
LEED observations. We have studied Kerr effects with
applied fields (to 3000 Oe) parallel and perpendicular
to the surface at a temperature of 110 K. Our results
establish that over this range of parameters, the
magnetic moment of Ni lies in the plane for both

Fig. 4. Hysteresis curves for Ni films on Ag(111)
and Ag(100) as a function of thickness. The
magnetization appears to be quenched for n=1
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layer for the Ni/Ag(111) system. The large coersive
force for Ni on Ag(100) may be due to the absence
of excellent epitaxy which occurs on the Ag(111)
surface
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Ag(111) and Ag(100) substrates, and that for n=1, the
moment vanishes on Ag(111)(or is less than 15% of the
extrapolated value for n=1 based on thicker films).
Additional studies at lower temperatures and lower
applied fields (T~40 K, H=600 Oe) have established
that the rapid quenching of the Ni film magnetism on
Ag(111) is not a consequence of the thickness depen-
dent Curie temperatures. This result suggests the
existence of a Ni dead layer or a layer having strongly
quenched ferromagnetic moments on Ag(111), but not
on Ag(100). Our corresponding studies of Ni on
Cu(111) have shown that, as in the case of Ni on Ag, the
magnetic moment lies in the plane of the film for the
same range of thickness and temperature. The p(1 x 1)
Ni film on Cu(111) also exhibits good epitaxy, as
judged from our LEED observations and from fairly
extensive LEED structural analysis by Tear and Roll
[16]. However, there is no apparent quenching of the
Ni magnetic moment for n=1 on Cu(111) surfaces.
This resuit is consistent with recent photoemission and
inverse photoemission studies by Frank et al. [17] that
suggest also that a p(1 x 1) Ni layer on Cu(111) is not
magnetically “dead”. Since we have found that a
monolayer film of Ni on Cu(111) is magnetic, Tersoff
and Falicov’s specific predictions pertaining to the Ni
film magnetic moment on Cu(111) appear to be
incorrect; however, the general concept of sp-d in-
duced quenching could still account for the behavior
that we observe for p(1 x 1) Ni layers on Ag(111).

5. Magnetic Phase Transformations

Ultrathin epitaxial magnetic films provide an impor-
tant arena for exploring fundamental concepts of
statistical mechanics, specifically the magnetic phase
transformation in a system that is constrained to two
dimensions. The required experimental constraints are
clear: the films must be well characterized two dimen-
sional epitaxial structures, and the crystal structure
must be preserved as the temperature is varied through
the magnetic phase transformation. High sensitivity is
required by the magnetic probe because the signal
vanishes as T approaches T, i.e., in the temperature
range of greatest interest. We have shown that such
experiments are feasible based on Kerr effect measure-
ments. Several systems have already been identified
that appear to satisfy the experimental constraints. We
have found that the Curie temperature of a Ni
monolayer on Cu(111) is ~175 K, and that ultrathin
Ni films grown on Cu(111) yield repeatable Auger and
Kerr effect signals after temperature excursions above
100°C. Figure 5 displays curves that characterize the
temperature and layer dependence of the magneti-
zation of thin epitaxial Ni films on Cu(111) as deter-
mined by Kerr effect signals.
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Fig. 5. Temperature and thickness dependent magnetization of
epitaxial Ni layers on Cu(111). Note the striking dependence of
Curie temperature on film thickness

The data displayed in Fig. 5 can be reduced to
obtain parameters relevant to scaling theories for two
dimensional phase transformations. Analytical treat-
ments [18] of the magnetic phase transformation
predict that the magnetism approaches zero according
to a simple power law Moc(T — T,)? characterized by
the transition temperature T, and a critical exponent
B. The thickness dependence of the Curie temperature
has also been analyzed and found to obey a power law
described by [19]

ch—Tc(") _ -2
T

where T, characterizes the bulk transition tempera-
ture (627 K for Ni). C, is a constant having a calculated
value of 0.196, and A is a shift exponent that ranges
from 1.0 for free surface boundary conditions to
2.0+0.1 for periodic boundary conditions.

Figure 6 displays a plot of the reduced transition
temperature vs. layer thickness for epitaxial Ni films on
Cu(111). The inset table summarizes the values of C,
and A obtained from these results (obtained from Kerr
effect studies) as well as by others for different sub-
strates, Our results yield a shift exponent 1= 1.48 (which
lies between the theoretical predictions) that is in good
agreement with other experimental values [20-22]. It
is interesting to note that Ni/Cu(111) and Ni/Re(0001)
[19] are both good epitaxial systems, and that the
values of C, and A for these different systems agree
within experimental error.

The temperature dependent magnetization data of

"Fig. 5 can also be used to obtain the critical exponent

p. Theoretical values for § are model dependent. An
exact value f=1/8 has been obtained for the two-
dimensional Ising model [23]. Other calculations yield
values of § including f=1/2 (by McCoy and Wu [24]
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for a two-dimensional Ising lattice with a one-
dimensional free surface), and 2/3<f<1 (based on
models that treat the surface layer of a bulk crystal by
considering distinct values for the surface and ex-
change energy [18]). Clearly, any comparison of
experimental results with a theoretical prediction for g
must be based on specific details of the system being
studied. With this in mind, we present our results for
corresponding to an epitaxial p(1 x1) Ni film on
Cu(111).

Figure 7 displays a plot of logM as a function of
log(1— T/T,) for 1.6 layers, upper panel, and (5 layers),
lower panel, Ni films on Cu(111). The slope of this
curve yields the parameter f=0.56+0.05 (f=0.50
+0.02). The temperature range covered by our present
data corresponds to 0.2<1—T/7.<0.5. Although all
experimental points fall nicely on a straight line in this
range, it is important to point out that the most
relevant temperature range is near T, It is not
inconceivable that “cross over” behavior could occur
at lower temperatures, in which case the slope of the
line could change yielding a different exponent. How-
ever, based on Rau’s results [25] for a V(100) mono-
layer on Ag(100) covering 2 x 10™*<(1—T/T)<0.8,
no significant cross over effects are apparent in this
system, and the exponent that we obtain is likely to be
quite accurate. The sensitivity of our technique is now
being improved, and we expect to extend the reduced
temperature range to 0.002<1-—T/T,<0.8 to verify
the result. It is interesting to note that Rau [25] obtains
f,=0.128+0.01 for V on Ag(100) and Pescia and
Grunberg [26] obtain f=0.2240.05 for Fe on
Au(100). These values for f§ are closer to the exact
theoretical result for a two-dimensional Ising model

(B=1/8).

are defined in the text
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Fig. 7. Critical exponent f for epitaxial Ni films on Cu(111). The
parameter f§ is defined in the text
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6. Summary

Several examples consisting of epitaxial ferromagnet
layers on non-magnetic metal substrates have been
used to describe phenomena associated with thin films
that can be addressed using the magneto-optic Kerr
effect. The Kerr effect technique offers the capability to
probe magnetic anisotropy — both in-plane effects and
the novel perpendicular spin orientations that are
predicted to occur in very thin layers when the volume-
dependent shape anisotropy term becomes small.
Layer dependent moments can be probed based on the
assumption that optical resonance effects do not occur
(i., film thickness <100 A). Finally, the sensitivity of
the technique can be extended to a point where
critical exponents and phase transformations can be
studied. Opportunities for exploiting the Kerr effect as
a probe of thin film magnetism are clearly very
attractive, and are just beginning to be explored.
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