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Magnetism in the few-monolayers limit: A surface magneto-optic Kerr-eSect study
of the magnetic behavior of ultrathin films of Co, Ni, and Co-Ni alloys
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The surface magneto-optic Kerr e8'ect (SMOKE) was used to investigate the magnetic properties of
epitaxial thin films of Co, Ni, and their alloys grown on Cu(100) and Cu(111). The Curie temperature Tc
is higher for the same films of a given thickness on Cu(111) than on Cu(100). All the films show a change
in the power-law exponent p of the magnetization density M - (1—T/Tc )s with reducing film thickness.
Ni films on Cu(100) undergo a particularly abrupt crossover at -7 monolayers (ML) from three-
dimensional Heisenberg ((=0.37) to finite-size two-dimensional XY (P=0.23) behavior as the film

thickness is reduced. The characteristic power-law exponent P=0.23 of these films appears to be an ex-

perimental realization of Kosterlitz-Thouless behavior over a restricted temperature range. A similar,

but more gradual crossover occurs for the Ni films on Cu(111) at 8 to 12 ML. The finite-size scaling

behavior in the few-monolayers-thickness range is compared with that reported for Ising thin-film

behavior. In all instances Tc extrapolates with decreasing thickness to zero at one monolayer. The
dimensionality crossover and finite-size scaling behavior is discussed in the light of our current under-

standing of spin-wave quantization, anisotropy, and film microstructure.

INTRODUCTION

Magnetic thin films have unique properties that are not
present in bulk materials due to reduced symmetry.
These properties are sensitive to many local properties at
the surface such as electronic band structure, crystallini-
ty, and film morphology. In particular, these properties
are sensitive functions of film thickness and growth con-
ditions. This often leads to different, even contradictory,
results from different groups working on the same sys-
tem. Our goal in this paper is to report a complete and
consistent set of measurements on model film-substrate
systems which provide a coherent understanding of their
magnetic behavior by varying the experimental condi-
tions such as substrate symmetry, film thickness, magnet-
ic alloy composition, and morphology. The sensitivity of
the magnetic phase transition on these experimental pa-
rameters is of particular interest, due to the possibility of
experimentally realizing two-dimensional (2D) behavior
in the monolayer (ML) limit. Also, the results are per-
tinent to recent developments in oscillatory magnetic
coupling and giant magnetoresistance in layered hetero-
structures which prompt potential applications in data
storage technologies.

To study the thickness-dependent magnetic behavior,
Ni is a good candidate since it has the lowest bulk Curie
temperature (Tc=627 K) compared with Fe and Co.
This allows experiments over a wide thickness range
where the Tc of the thicker films begins to approach the
bulk value. Also, fcc Ni films are generally more stable
both structurally and magnetically, compared to fcc Fe,
which exhibits complex magnetization reorientation
behavior' with different magnetic phases depending on
the lattice parameter in epitaxial thin layers. Despite its

relatively weak bulk magnetism, Ni films have been wide-

ly studied and show unusual behavior. For instance, a
distinct dimensionality crossover in the critical behavior
has been reported for Ni films grown on W(110). These
films display 2D Ising behavior (P=—0. 13) below 5 ML
changing to three-dimensional (3D) Heisenberg
(P=—0.37) for thicker films. Earlier experiments reported
a P=0.24 for ultrathin films of Ni on Cu(111) (Ref. 4)
and P=0.22 for Fe films on Au(100). ' These 13 values do
not seem to belong to any universality class but are fre-

quently reported in various thin films and layered com-
pounds. What the meaning of these values is and what
factors determine the dimensionality crossover are the
questions we would like to address in this paper.

Co and Ni are miscible and form stable alloys near
room temperature. By varying the Co content, we can
produce stable alloy materials with different bulk T~
values. This provides supplementary systems to study
the thickness dependence of the magnetic behavior. We
choose Cu as the substrate since both Co and Ni films on
Cu have been widely studied and are fairly well under-
stood. Measurements on low-index surface with different
symmetry provide new insight into the extraordinary
magnetic behavior in the ultrathin-film regime.

In the following, we will present experimental results
on the thickness-dependent magnetic phase-transition
behavior of these films followed by a discussion of dimen-

sionality crossover and finite-size scaling behavior in

these ultrathin films. These properties are discussed in

connection with the roles of magnetic anisotropy and
strain-induced microstructural effects.

KXPERIMEN f
Our vacuum system consists of two parts: a sample

preparation chamber with molecular-beam epitaxy
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FIG. 1. Schematic diagram of the SMOKE apparatus.

(MBE), ion gun for sputtering, Auger electron spectros-
copy (AES), low-energy electron diffraction (LEED), and
reflection high-energy electron diffraction (RHEED); and
the analysis chamber for the surface magneto-optic Kerr
effect (SMOKE), thermal desorption spectroscopy (TDS),
and angle-resolved ultraviolet photoemission spectrosco-
py (ARUPS) measurements. A long stroke sample mani-
pulator traverses the central axis of tlie chambers. For
easy access to different samples, a load lock was added to
allow sample transfer to the main sample manipulator.
The base pressure is lower than 2 X 10 ' mbar.

Particular attention has been paid to sample prepara-
tion since the quality of the substrate surface is a crucial
factor for meaningful measurements. The crystals were
cut and aligned along the [100] or [111] direction to
within 0.5' using a Laue x-ray diffractometer. They were
then mechanically polished down to 0.05 pm followed by
electropolishing to remove the mechanically damaged
layers before introduction into the vacuum. After a few
cycles of 500 eV Ar+ sputtering and subsequent anneal-
ing at 700 K, the substrates were free of contamination as
determined by AES and showed a sharp p (1 X 1) LEED
pattern.

Co and Ni films were epitaxially grown on the single-
crystal copper substrates at room temperature, which is
the optimum growth temperature for good epitaxy
without interdiffusion. ' ' The flux rates were carefully
controlled with calibrated quartz-crystal monitors to en-
sure uniform monolayer growth conditions. Film thick-
ness was controlled by quartz-crystal monitors calibrated
with RHEED oscillations. The alloy films were grown by
simultaneously evaporating Co and Ni at proportionate
rates, typically 0.6 ML/min. The Ni and Co-Ni alloy
films were annealed at 450 K for a short time to further
improve the smoothness of the films.

The magnetic properties were measured in situ using
SMOKE with the arrangement shown in Fig. 1. A
linearly polarized He-Ne laser was used as a light source.
The laser light was further polarized by a linear polarizer,
set to 0.2 from extinction in the plane of incidence, and
incident on the film surface at -70' off from the film sur-
face normal. The reflected light went through a beam

splitter, with beam separation of +5 and an equivalent
extinction ratio of 10 . The combination of the beam
splitter and two photodiodes allows simultaneous detec-
tion of the two orthogonal light components. A four-pole
electromagnet allows the external magnetic field to be ap-
plied either parallel (longitudinal) or perpendicular (po-
lar) to the film plane. " The height of the hysteresis loops
in remnant state (H=0) is referred to as the Kerr intensi-
ty. To study the magnetic phase transition, the Kerr in-
tensity was measured as a function of substrate tempera-
ture, which was ramped at a constant rate of 6 K/min.
The substrate temperature was measured by a type-E
thermocouple, spot-welded to the supporting Mo plate of
the sample holder. The temperature difference between
the sample and the Mo plate was determined to be less
than 5 K at the experimental heating rate of 6 K/min.

RESULTS AND DISCUSSION

A. Film growth and characterization

Ni on Cu is a good epitaxial system since they both
have the same fcc crystal structure with only 2.5%%uo lattice
mismatch. Ultrathin films of Ni form pseudomorphic
layers which are strained to match the Cu substrate lat-
tice until a critical thickness is reached. ' Above this
thickness, misfit dislocations occur as it is energetically
more favorable to accommodate lattice mismatch by
dislocations than by elastic strain. Transmission-
electron-microscopy experiments have shown that the
critical thickness for Ni on Cu(100) is 14.6 A( —8 ML)
(Ref. 13). On Cu(111), epitaxial growth of Ni proceeds
up to 25 A( —12 ML) as was estimated theoretically'
and observed experimentally, ' ' In addition, Ni on Cu
is thermally stable against interdiffusion to cycling tem-
peratures up to 490 K. ' This is important since the wid-
est possible range of temperature variation is required
during the T~ measurements.

The growth of Co is more complicated than Ni since
the equilibrium phase of bulk cobalt is hcp at room tem-
perature and fcc at temperatures above 697 K.' It is pos-
sible that both phases are present during the film growth.
However, Co films epitaxially grown on Cu(100) surfaces
are formed in a stable fcc structure because no low-index
orientation of the hcp structure matches the Cu(100) sur-
face. ' ' Angle-resolved x-ray photoemission scattering
(ARXPS) results have shown that Co grows on Cu(100)
in a we11-ordered fcc structure via a layer-by-layer growth
from 2 to 20 ML thickness. Below 2 ML, the growth is
nearly layer-by-layer with the initial formation of two-
layer-high islands. ' This is consistent with our RHEED
measurements as shown in Fig. 2(a). The first maximum
in RHEED intensity is low, corresponding to island for-
mation. After the completion of the second monolayer,
the well-resolved oscillations indicate good layer-by-layer
epitaxy. In sharp contrast, Co on Cu(111) does not show
any RHEED oscillations, as has also been reported be-
fore. This could be because both fcc(111)and hcp(0001)
phases are present during growth with up to 50%%uo hcp
fraction. ' Recent experimental results have shown
that the first two layers of Co continue the fcc stacking
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FIG. 2. RHEED oscillations for (a) Co, and (b) Ni on
Cu(100) and Cu(111) substrates at room temperature. The
electron-beam energy is 5 keV, incident angle is 3.5

' and the az-
imuth is [100] for Cu(100) and [110]for Cu(111). The evapora-
tion rate is 0.6 ML/min.

sequence through a layer-by-layer and pseudomorphic
growth mode, and the hcp phase starts to develop in the
third layer. In this work, all of the Co films investigat-
ed have thicknesses below 2 ML so that the fcc structure
is expected to be dominant. Particular attention was paid
to avoid Cu segregation on top of the Co films during the
annealing phase since interdiffusion occurs at a relatively
low temperature of 450 K on the Cu(100) surface and at
the higher temperature of 550 K for carefully annealed
Co films on Cu(111).

A puzzling result is that there are no RHEED oscilla-
tions observed for Ni on Cu(111) [Fig. 2(b)], although it is
expected to be a good epitaxial system. We have varied
the film growth conditions, such as the substrate temper-
ature during growth and evaporation rate, which can
dramatically affect the growth mode, but still without
seeing any oscillations. One possible explanation is that
Ni on Cu(111) has a higher volume deformation (3.8%)
than on Cu(100) (2.2%).' This may lead to a textured
layer structure. A more likely reason, however, could be
that it is not a good layer-by-layer growth system. This is
supported by the fact that Ni/Cu(111) shows a much
more pronounced rounding and tailing of the magnetiza-
tion curve near Tc than the Ni/Cu(100) filins, as will be
discussed in the next section. This tailing is due to finite-
size effects which provide a sensitive measure of the film
microstructure such as island formation. ' More de-
tailed studies on the morphology of this particular sys-
tem, Ni/Cu(111), are needed.

The absence of RHEED oscillations for both Co and
Ni on Cu(111) presents a difficulty for a direct thickness
calibration. Instead of using the Auger break method,
which usually has an error &10%, we use the well-
resolved RHEED oscillations on Cu(100) to calibrate the
evaporator flux. Since, as shown in Fig. 3, the atomic

FIG. 3. Unit cells of the Cu(111) and Cu(100) surfaces. The
atomic area density is 2/a (1/A ) on Cu(100) and 4/(&3a )

0

on Cu(111), a =3.61 A is the Cu lattice constant.

area density is 2/a for Cu(100) and 4/(&3a ) for
Cu(111), one monolayer on Cu(100) covers only
2/(4/&3)=86. 6% of the Cu(111) surface. Therefore,
the thickness on Cu(111) is 86.6% of that on Cu(100),
given the same amount of deposited material.

B. Magnetic phase transition

The magnetic properties of thin films can deviate
significantly from their bulk behavior when the film
thickness is reduced to atomic scale due to broken sym-
metry in the direction perpendicular to the film plane. In
particular, the Curie temperature Tc that signifies zero
magnetization and separates the ferromagnetic and
paramagnetic phases, decreases with decreasing thickness
according to finite-size scaling theory considerations. '

Tc is determined from the phenomenological power-law
fits to the data, M(T)=Ma(l —T/Tc)~, where M is the
magnetization proportional to the Kerr intensity and P is
a power-law exponent characterizing the magnetic order-
ing behavior. Figure 4 shows sample M(T) curves for
different systems: Ni/Cu(100), Ni/Cu(111), and
Co,Ni9/Cu(100). In all the curves, the magnetization ex-
tends above the estimated Tc due to finite-size magnetic
spin-correlation effects. Ni filins on Cu(100) show the
sharpest phase-transition behavior with tailing less than
5%, indicating very good surface and film quality. In
contrast, similarly prepared alloy films of Co, Ni9 show a
significantly longer tail indicative of magnetic or compo-
sitional inhomogeneities. Ni films on Cu(111) exhibit
more prominent tailing than on Cu(100) which suggests
less structural homogeneity. This observation is support-
ed by the absence of RHEED oscillations which argues a
case for the (111) films not being uniform in thickness on
an atomic scale.

All of these films display a clear monotonic thickness
dependence of Tc, as illustrated in Fig. 5 for Co, Ni, and
Co Ni& „alloy films on Cu(100). An interesting obser-
vation is that Tc extrapolates to zero at about 1 ML in
all cases' as we have reported for another system,
Co Cu, on Cu(100). The disappearance of ferromag-
netic long-range order approaching the monolayer re-
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FIG. 6. Thickness-dependent T& curves showing that both
Co and Ni films have higher transition temperatures on Cu(111)
than on Cu(100). The solid lines are finite-size scaling fits to Eq.
(2).
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FIG. 4. Kerr intensity vs temperature at different thicknesses
for (a) Ni/Cu(100), (b) Ni/Cu(111), and (c) Co&Ni9/Cu(100).
The 16.0 ML Ni(100) curve is taken from polar hysteresis loops
and all others are longitudinal. The solid lines are power-law
fits to M=MO(1 —T!T,)~.

gime appears to be system independent. All of the curves
shown (Fig. 5) obey the same scaling-law relationship. '

In Fig. 6, we compare this thickness dependence of Tz
for the films on Cu(111) and Cu(100). Both Co and Ni
films display a higher Tc on Cu(111) than on Cu(100).
The Curie temperature of thin films depends on many
quantities such as magnetic anisotropy, exchange cou-
pling, and electronic band structure. All of these quan-
tities can be easily changed by surface symmetry and lat-
tice mismatch-induced strain. Using a generalized
mean-field theory, the authors in Ref. 33 obtained a
higher Tc on the (111)surface than on the (100) surface,
in agreement with our experimental results. In fact,
many (111)textured films with a strong uniaxial anisotro-
pys owashow a distinctively higher Tc than the (100) textured
films with planar anisotropy, which is consistent with t e
theoretical arguments and these experimental results.
What is surprising is the similar monotonic behavior ex-
trapolating to Tc =0 in the monolayer limit.

C. Anisotropy
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FIG. 5. Thickness dependence of Tc for Co-Ni alloy films
with different compositions on Cu(100). The solid lines are
finite-size scaling fits to Eq. (2) in text.

All of the Co, Ni, and Co-Ni alloy films grown on
Cu(100) surface (Fig. 5) display a strong in-plane anisot-

35ropy in agreement with theoretical predictions and pre-
11,20, 36, 37vious experimental results. ' ' ' Ni is an exception in

that, as the thickness increases above 7 ML, a perpendic-
ular component of the magnetization begins to develop,
as indicated by the Kerr signal hysteresis loops [Fig. 7].
The in-plane component stays nearly the same while the
coercivity increases rapidly and beyond our maximum
magnetic field ( —150 Oe) at 16 ML. This indicates that
the magnetization is oriented parallel to the film plane for
films below 7 ML and rotates out-of-plane for thicker
films. The presence of both components of magnetization
could be due to a canted single-domain state, or due to a
statistical distribution of in-plane and out-of-plane multi-
domain state. The possibility of a canted spin state is ex-
cluded since the polar loops have 100%%uo remanence.
Therefore, we believe that perpendicular magnetization
dominates at thickness above 7 ML, and the fraction of
the perpendicular domains increases with increasing
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FIG. 7. Hysteresis loops of Ni films on Cu(100) showing the
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at 160 K.
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thickness. Since Co has a much stronger in-plane an-

isotropy to begin with, the magnetization remains in
plane over the whole thickness range [n 9 ML for Co-
Ni alloys and n ~ 15 ML for Co (Ref. 20)].

Both Co and Ni on Cu(111) show mainly in-plane an-

isotropy, but a weak perpendicular magnetization with a
significantly larger coercivity is always present in the as-

grown films. This is consistent with previous experimen-
tal reports on these systems. ' The [111]direction is
the easy axis for both bulk fcc Co and Ni. Thin films of
Co grown on fcc(111)surfaces have a much stronger per-
pendicular anisotropy than those on (100) surfaces due to
this magnetocrystalline anisotropy. This has been ob-
served in the Co on Pd system where a spin reorientation
from perpendicular to in-plane magnetization occurs
below about 1 to 2 ML on Pd(100) and 6 ML on
Pd(111). ' This reorientation of the magnetization is

determined by the two competing anisotropies: surface
anisotropy which favors perpendicular orientation and
dominates in the ultrathin regime, and shape anisotropy
that favors in-plane orientation which can overcome the
surface anisotropy as film thickness increases.

A demonstration of the importance of interface effects
is shown by coating the Co films grown on Cu(100) and
Cu(111) surfaces with a few monolayers of Cu. As-grown
Co films have both perpendicular and in-plane com-
ponents of the magnetization. However, on coating with
just 2 ML of Cu, the Co/Cu(111) film shows a remark-
ably enhanced perpendicular anisotropy while the in-

plane anisotropy appears to collapse, as shown by the
hysteresis loops in Fig. 8(a). In contrast, the Co/Cu(100)
film remains unaifected [Fig. 8(b)].

The incidence of enhanced perpendicular magnetiza-
tion may also be indicative of a different micromorpholo-

gy for films on Cu(111). Roughness and lattice
mismatch-induced strains are known to induce a modified
magnetocrystalline and magnetoelastic surface anisotro-

py-

:-=:—:---- 2ML

FIG. 8. Hysteresis loops showing the effect of Cu capping on

magnetic anisotropy: (a) dramatic enhancement of the perpen-
dicular anisotropy for Co/Cu(111) and (b) only a small reduc-
tion on the longitudinal loop for Co/Cu(100).

D. Crossover from 3D to 2D behavior

We extract Tc and p using the standard methodology
as outlined by Diirr et al. and assume a power-law
behavior M —(1—T/Tc)~ for the magnetization as a

function of temperature. The exponent p is deduced by
choosing a Tc value that maximizes the linear range in

the logio(M) versus log, o(1 —T/Tc) plot. Such log-log
plots are shown in Fig. 9 for Ni films on Cu(100). The p
values obtained from the slopes of the straight-line fits are
0.43 for 16 ML Ni and 0.23 for thin films below 7 ML.
Values for Ni/Cu(100), Ni/Cu(111), and Co/Cu(111) are
summarized in Table I. In Fig. 10, we show the thickness
dependence of P values for Ni/Cu(100) and Ni/Cu(111)
and compare them with published results for
Ni(111)/W(110) from Ref. 3.

A distinct jump in p values is seen at the thickness of 7
ML for Ni on Cu(100) [Fig. 10(a)]. Above this thickness,
the P values range from 0.38 to 0.43. We note that
P=0.37 is characteristic of a 3D Heisenberg spin-lattice
system and P=0.42 is the experimental value for bulk
Ni. Below 7 ML, all the films show P=0.23, which we

believe to be a typical behavior of a finite-size 2D XY sys-

tem. This will be discussed in more detail in the next sec-
tion. The sudden change in P values at 7 ML indicates a
dimensionality crossover from 3D Heisenberg to 2D XY
behavior. A similar but more gradual crossover has also
been reported in Ni(111) films on W(110) (Ref. 3) and is
shown in Fig. 10(c). In this case, a gradual change from



49 MAGNETISM IN THE FEW-MONOLAYERS LIMIT: A. . . 3967

3.0
Ni/Cu(100

0.43

0.6

0.4-

(a) Ni(1 00)/Cu(1 00)

~ ~

30 Heisenberg

16.
0.2 ~ ~- - - —- - - —- ~- - —- Q--

/=0. 23

O

O 6.2

0.24

0.23

0.0 ~ I ~ I ~ I ~ t l I ~ I ~

0.6— (b) Ni(11 1)/Cu(1
C
0
CL
X
w 04-

I ~ I a I ~

11)

0.5-3

4. 1

3.0
I I

-2 —1

l o g lo (1 —T/Tc)

0.25
0.20

Q
p p0
0.6

0.4—

0.2—

0 ~ ~ ~ ~
~s ~ ~

(c) Ni(1 1 1)/W(1 1 0)

~ 4 I
0=0.125

FIG. 9. Log&0(M) vs log&0(1 —T/T& ) plots for the
Ni/Cu(100) data from Fig. 4(a) showing the thickness depen-
dence of the p values. The data sets are offset for clarity.

3D Heisenberg to 3D Ising at large thicknesses is fol-
lowed by a drastic crossover from 3D Ising to 2D Ising in
the thickness range between 5 to 7 ML. The uniaxial Is-
ing behavior arises from the strong in-plane, strain-
induced anisotropy due to a large lattice mismatch along
the [110j direction of the fcc Ni(111) films on bcc
W(110).

Ni films on Cu(111) [Fig. 10(b)], on the other hand, also
show a gradual change in p values from 0.49 to 0.26 in
the thickness range from 8 to 12 ML. The uncertainty in
these p values is larger than those of the Ni/Cu(100) sys-
tem because the magnetization is not so accurately de-
scribed by the phenomenological power law. The pres-
ence of both perpendicular and in-plane components of
magnetization, and the more pronounced finite-size tail-
ing near Tc makes p more difficult to quantify (Table I).
We identify the large p values above 12 ML as typical of

p p ~ I i I ~ I

4 6 8 10 12 14 16 18 20
Film Thickness (ML)

FIG. 10. Power-law exponent P vs film thickness showing di-

mensional crossover for (a) Ni/Cu(100), (b) Ni/Cu(111), and (c)
Ni(111)/W(110). The Ni(111)/W(110) data are from Ref. 3.
The dashed lines are theoretical values for 2D Ising (P=O. 125),
finite-size 2D XY (p=0.23) and 3D Heisenberg (p=0.37) mod-
els.

bulk Ni behavior. Given these uncertainties, p-0. 26 for
films less than 8 ML thick is in the range of the finite-size
2D XY behavior characteristic of the Ni/Cu(100) system.
A p value of 0.24+0.07 has been previously reported for
similar ultrathin Ni films on Cu(111), in agreement with
our measurements.

An ultrathin film can be considered magnetically 2D if
spin waves with wave vector E normal to the film plane
cannot be excited. The normal component of the spin-
wave vector is quantized in discrete amounts

TABLE I. Experimental values of transition temperature Tc and power-law exponent p for three
different systems: Ni/Cu(100), Ni/Cu(111), and Co/Cu(111). The estimated errors for p are included
based upon the noise level, finite-size rounding, and interdiffusion effects.

Ni/Cu(100)
n (ML) P Tc (K)

Ni/Cu(111)
n (ML) P Tc (K)

Co/Cu(111)
n (ML) P Tc (K)

3.0
4.1

5.0
6.2
7.2
8.2

10.0
12.4
16.0

0.25(6)
0.23(5)
0.25(5)
0.24(5)
0.38(4)
0.41(4)
0.41(4)
0.39(4)
0.43(4)

210
284
325
388
425
456
485
514
540

1.8
2.2
2.9
3.0
3.6
4.4
5.1

6.0
7.3
8.5
9.5

10.5
13.1
16.7

0.27(7)
0.26(7)
0.29(7)
0.30(7)
0.28(7)
0.29(7)
0.26(7)
0.30(7)
0.30(7)
0.35(6)
0.39(6)
0.45(8)
0.49(8)
0.48(8)

197
253
329
340
382
431
462
483
519
529
554
559
591
603

1.0
1.1
1.3
1.5
1.7

0.17(9)
0.27(9)
0.30(9)
0.15(8)
0.15(8)

207
283
380
460
500



3968 F. HUANG, M. T. KIEF, G. J. MANKEY, AND R. F. WILLIS

Ki=(mn/nao), m =1,2, . . . for a film n layers thick
and lattice constant ao. At the crossover thickness, only
the lowest m =1 spin-wave branch is thermally popu-
lated. As the film thickness decreases to below this criti-
cal thickness, spin fluctuations propagating in the normal
direction are "frozen out" and the films display the ther-
modynamic properties of a 2D system. The 2D nature of
the phase transition is also seen from the thickness in-
dependence of P values in the ultrathin region, as shown
in Fig. 10. A similar invariance of the P values in the 2D
regime has been previously reported for 1 to 2.5 ML Fe
films on Au(100) (Ref. 5) and the Ising-like Ni films on
W(110) below 4 ML thick. In this 2D regime, the corre-
lation length is too small for any magnetic fluctuations
normal to the film to be relevant. This quantization of
excitations is a general characteristic of thin-film struc-
tures. Recent photoemission experiments have shown
that the quantization of electronic fluctuations about the
Fermi level EF propagating in the perpendicular direc-
tion, results in discrete quantum-well states, with a
periodicity of -6 ML. This value is close to that ob-
served in Fig. 10 at which a sudden crossover from 3D to
2D behavior occurs. It is also a number that relates to
the periodicity of oscillatory magnetic coupling observed
in magnetic superlattices and sandwich systems.

While spin-wave vector quantization is the determinant
factor, the actual crossover thickness value is affected by
the microstructure of the films. Comparing the three sys-
tems Ni on Cu(100), Cu(111), and W(110), observe that
dimensionality crossover in magnetic power-law behavior
is also associated strongly with a film structural change
from a strained two-dimensional pseudomorphic film to a
three-dimensional bulklike film in which strain is relaxed
by the formation of misfit dislocations. Both dimen-
sionality crossover and this structural change occurs at
-7 ML for Ni/Cu(100) [Fig. 10(a), Ref. 13], and —12
ML for Ni/Cu(111) [Fig. 10(b), Refs. 14—16]. The cross-
over for the fcc Ni(111) films on bcc W(110) occurs at a
relatively smaller thickness (5 to 7 ML) because there is a
larger strain along the [110] direction. These strains
affect the electronic band structure and, particularly, the
wave vectors of the electronic fluctuations about EF, that
ultimately sanction the overall magnetic behavior.

It is interesting to note that the anisotropy itself is not
playing the pivotal role in determining dimensionality
crossover. Although Ni/Cu(100) has both spin reorienta-
tion and dimensional crossover at -7 ML, the other sys-
tems investigated show no correlation between these two
phenomena. CoiNi9 films showed the same jump in P
values at 7 ML but no change in anisotropy is observed in
the Kerr hysteresis loops, remaining always in-plane for
all the thicknesses studied (n (9 ML). Likewise,
Ni/Cu(111) does not show any sign of change in anisotro-

py near the crossover thickness of 8 to 12 ML. Similarly,
the reported crossover behavior of Ni(111)/W(110) (Ref.
3) shows no change in anisotropy.

K. Finite-size 2D XFbehavior

In the previous section, we identified the P=0.23 as be-

ing characteristic of finite-size 2D XY behavior. An

N

M(N, r)=( —g S,
N, .

)
' 2N

1/8 n.D

where D =J!k~T is the effective spin-wave stiffness and
J is the exchange coupling. A theoretical curve obtained
from a Monte Carlo simulation of a 2D lattice of N =10
spins is compared with our experimental data for Ni on
Cu(100) for thicknesses 4. 1 and 6.2 ML in Fig. 11. The
experimental data has a much shorter tail, indicating our
films have a spin domain size larger than N=10 spins.
We estimate the domain size to be around 0.5 pm, which
corresponds to N —10 spins.

1.0

0.8

o Tc

0.4

0.2

4. 1 ML

~ 6.2 ML

POWer lOW fit
Theory (N=10 spins)

0.0
0.0 0.2 0.4

T/Te

0.8 1.0 1.2

FICx. 11. Magnetization curves showing P=0.23 power-law
behavior for the 4.1 and 6.2 ML of Ni films on Cu(100). The full

curve is the power-law fit to data. The dashed curve is the re-
sult of a Monte Carlo simulation on a 2D XF spin lattice with
%=10 spins (Ref. 6). T* is the shifted Kosterlitz-Thouless
transition temperature and T& represents the onset of magneti-
zation. Note the good agreement near T .

infinite isotropic 2D XY system cannot sustain long-range
order, but, nevertheless, exhibits a Kosterlitz-Thouless
phase transition involving the unbinding of spin vortices
at a critical temperature TKT. This thermodynamic
limit, however, is hardly accessible in most experimental
systems. In real materials, there are many factors such as
anisotropy, ' finite size, and interlayer coupling that
can stabilize the spontaneous order. Recent
renormalization-group analysis has shown that a 2D XY
spin lattice of a finite size can develop finite magnetiza-
tion which approaches power-law behavior over a re-
stricted temperature range, around the Kosterlitz-
Thouless critical temperature TKT, with an effective ex-

ponent /3=0. 23. Layered Heisenberg ferromagnets of
finite size with planar anisotropy can also be considered
as experimental realization of this 2D XY model. We be-
lieve that our thin transition-metal films are the analog to
such systems.

In a finite-size 2D XY spin-lattice model, the slow de-

cay of spin correlations can always ensure a finite magne-
tization. ' Renomalized spin-wave theory applied to
a 2D lattice of N spins gives for the net magnetization at
low temperature,
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The renormalization-group theory analysis predicts
@=3&/128=0.23 at T*, where T' is the temperature
below Tc at which D =2/n and Tc is the temperature at
which the spin-correlation length is equal to the system
size. We note the good agreement between this theoreti-
cal value of Tc and the value from our power-law fit (full
curve, Fig. 11). This P value is a characteristic of finite-
size behavior at the shifted Kosterlitz-Thouless tempera-
ture T*, but the range of temperature over which M fol-
lows this power-law behavior is not universal. It depends
on the specific spin model. Our experimental data are
representative of a finite-size 2D XY system perturbed by
a weak interlayer exchange coupling. The magnetization
fits a power-law behavior with P=0.23 over a wider tem-
perature range, from 0.6 to 1.0 T&, than that predicted by
the finite-size spin-lattice 2D mesh analysis.

Figure 12 compares the normalized Tc behavior of all
of our finite-size 2D XY (P=0.23) thin-film systems mag-
netized in-plane with published data on similar thin
films exhibiting Ising behavior (P=O. 125) viz.
Fe(110)/Ag(111), Ni(111)/W(110), and Ni(111)/
Re(0001). Tc is significantly higher in the Ising films

compared with the finite-size 2D XY films due to their
strong uniaxial anisotropy. The results (Fig. 12) clearly
distinguish two classes of behavior: type-I Ising behavior
with a dimensionality crossover to P=0. 125 and type-II
2D XY behavior with a dimensionality crossover to
P=0.23. Both curves extrapolate to Tc =0 at one mono-
layer.

F. Finite-size scaling

Figures 5, 6, and 12 summarize the finite-size scaling
properties of these two types of behavior: finite-size 2D
XY film with P=0.23 and 2D Ising films with strong in-
terfacial anisotropy with P=0. 125. In a previous pa-
per, ' we have proposed that the Ni and Co films grown

1.0

0.8-

~ 0.6-8
V

0.4-0

TABLE II. Finite-size scaling parameters determined by the
thickness-dependent Tc behavior. Experimental errors are in-
cluded in Ni and Co&Ni9 films. Due to the narrow thickness
range for the Co&Ni3, Co&Ni&, and Co films, data are fitted to the
scaling law with a fixed value n'= 1.0 ML.

Films/Cu(100)

Ni
Co,Ni9
Co&Ni3

Co&Ni&

Co(Ref. 11)

1.25(7)
1.39(8)
1.49
1.66
1.02

n' (ML)

1 ~ 1(2)
0.9(2)
1.0
1.0
1.0

no (ML)

3.4(2)
3.7(2)
3.8
2.5
1 ' 8

on Cu(100), and their alloys, obey a thickness-dependent
scaling law of the form

1 1 1

Tc(n) Tc( ee ) Tc( ee )

n —n'

no
(2)

That is, this monotonic relationship describes all of the
films shown in Figs. 5, 6, and 12. Table II is a summary
of the various best-fit parameters appropriate to each
film. The most intriguing result is that all of the data ex-
trapolate to Tc =0 in the monolayer limit.

Although it is tempting to identify this with the well-
known Mermin-Wagner limit, this would imply that the
magnetic order parameter is isotropic with infinite long-
range order in-plane. However, as the films approach the
monolayer limit, it is possible that they are no longer

homogeneous and uniformly thick layers, but begin to
break up into islands of varying thickness. The behavior
could then tend toward superparamagnetic behavior, al-
though we have seen no evidence for such behavior to
date. An alternative explanation is that it is the electron-
ic properties which are changing, and changing in such a
way that the ferromagnetic exchange splitting of the
states is decreasing rapidly to zero. Again, however, we
have no photoemission evidence to date to support this.
Finally, recent measurements of the magnetic anisotro-

py indicate that the volume and surface anisotropy con-
stants are rapidly decaying to zero as the monolayer limit
is approached. This would support a 2D isotropic order-
ing parameter picture. What is intriguing is that a wide
variety of these transition-metal ferromagnetic thin-film
systems exhibit such similar behavior in the monolayer
limit, whether Ising-like (type-I) or 2D XY (type-II) (Fig.
12).

0.2-
CONCLUDING REMARKS

0.0
0 2 4 6 8 10 12 14 16 18 20

Film Thickness (ML)

FIG. 12. Normalized T& vs film thickness showing the
influence of anisotropy on Tc. Type I films have strong uniaxial
anisotropy (P=0. 125) and higher Tz [Fe(110)/Ag(111) from
Ref. 53 (0 ), Ni(111)/W(110) from Ref. 3 (0), Ni(111)/Re(0001)
from Ref. 54 (6)) compared with the type-II films (P=0.23)
[Ni (~ ), Co, Ni9 (~), and Co, Ni3 ( A ) on Cu(100) from this
work]. n, represents the thickness at which crossover occurs
from 3D to 2D behavior.

We have grown high-quality thin films of Co, Ni, and
their alloys on Cu single crystals with different symmetry
surface meshes: Cu(100) and Cu(111). These films
display very similar magnetic power-law behavior which
changes at a critical thickness signifying crossover from
3D to 2D. The main conclusions to be drawn from these

experiments are as follows:
(i) Both Co and Ni can grow on Cu(100) in a well-

ordered fcc structure via a layer-by-layer growth mode.
However, the growth on the Cu(111) surface may be
characterized by island formation and different crystal
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phases judging from the large finite-size rounding and the
absence of RHEED oscillations.

(ii) Tc is higher on the (111)surface than on the (100)
surface for a given film thickness.

(iii) For Ni/Cu(100), the magnetization lies in-plane at
thicknesses (7MI. and cants out-of-plane above 7 ML.
All of the Co (n &2 ML) and Co-Ni alloy films (n &9
ML) on Cu(100) have only in-plane magnetization. The
Co and Ni films on Cu(111) show a predominantly in-
plane anisotropy, but a weak perpendicular magnetiza-
tion with a large coercivity is always present at all
thicknesses considered.

(iv) Cu capping can drastically enhance the perpendic-
ular anisotropy on the Cu(111) surface.

(v) Ni and Co-Ni alloy films on Cu(100) undergo an
abrupt dimensionality crossover at -7 ML from 3D
Heisenberg to finite-size 2D XY behavior. A similar, but
more gradual crossover is found in Ni/Cu(111) at around
8 to 12 ML.

(vi) Dimensionality crossover is complicated by a film
structural change. Below this critical thickness, the films
are pseudomorphic and exhibit 2D magnetization
power-law behavior. Above this thickness, films relax to
reduce the epitaxial strain and the bulk magnetic proper-
ties are observed. The critical thickness is -7 ML for
Ni/Cu(100) and —12 ML for Ni/Cu(111).

(vii) Dimensionality crossover appears to be indepen-

dent of the nature of any magnetic anisotropy; both the
Ising and 2D XY films show this effect occurring at
several monolayers thickness.

(viii) P=0.23 is a general signature of a finite-size 2D
LY system and an experimental realization of possible
Kosterlitz-Thouless behavior. A magnetic phase transi-
tion is observed and follows the predicted power-law
behavior over a wide temperature range below Tz.

(ix) The 2D XY (type-II) films all obey the same univer-
sal finite-size scaling law, with parameters distinct from
those characteristics of 2D Ising (type-I) behavior.

(x) Strong uniaxial anisotropy results in a higher Tc for
equivalent films of a given thickness.

(xi) Tc extrapolates to zero in the monolayer film-

thickness limit for all of these films.
(xii) The indications are that the anisotropy, both sur-

face and volume constants, rapidly decay to zero as the
monolayer limit is approached. The exact mechanism is
not understood.
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