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Local and long-range realizations of a spin-reorientation surface phase transition
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The spin-reorientation transition of an ultrathin film from perpendicular to in-plane magnetization is driven
by a competition between dipole and anisotropy energies. In sifu measurements of the magnetic susceptibility of
Fe/2 monolayers (ML) Ni/W(110) films as a function of Fe coverage, made as the films are deposited at constant
temperature, show two clear peaks that are described quantitatively as a long-range and a local realization of
the transition. In the long-range realization, the susceptibility probes the striped domain pattern that is formed
in response to the balance of energetics on a mesoscopic scale. Here the reorientation transition occurs at a
noninteger layer thickness. In the local realization, the susceptibility probes the response of small islands with
in-plane anisotropy in the third atomic Fe layer that are grown on the second atomic Fe layer, which has
perpendicular anisotropy. It is a response to the local finite-size, metastable energetics due to discrete steps
in thickness. An excellent quantitative description of the susceptibility data is obtained when both local and
long-range aspects of the spin-reorientation transition are included.
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I. INTRODUCTION

The spin-reorientation transition observed in ultrathin
magnetic films is in reality a complex series of phenomena
that illustrates the sensitive balance of exchange, dipole, and
anisotropy energies in a two-dimensional magnetic system.
In simplest terms, the transition represents the canting of
a uniform magnetization between orientations perpendicular
and parallel to the surface of the ultrathin film [ 1-4] in response
to a change in the balance of surface anisotropy and dipole
energies as a function of either thickness or temperature. In a
more complete description, the perpendicularly magnetized
state forms an ordered “stripe” pattern of domains with a
pattern period that depends sensitively on the proximity of the
magnetic reorientation [5-7], and therefore presents an out-
standing system for the controlled study of domain formation
and dynamics [8,9]. Under even more detailed inspection, it
has been found that the ordered domain pattern itself undergoes
a disordering transition through defect formation [10-13] and
might be described by a Kosterlitz—Thouless transition. Given
this rich behavior, it is not surprising that the spin-reorientation
transition continues to provide fundamental insight into two-
dimensional magnetism after over two decades of theoretical
and experimental study.

One feature that is often not sufficiently recognized is that
there are two separate realizations of the spin-reorientation
transition in an ultrathin-film system; a long-range realization
and a local realization due to finite-size effects and metasta-
bility. Many experimental studies probe large scales where
long-range dipole interactions average mesoscopically over
the system. Thus one sees reports of the continuous variation
of the stripe width in the domain pattern as a function of film
thickness as the thickness changes continuously by parts of a
tenth of a monolayer, even though film thickness is quantized
in atomic monolayers (ML) [14—17]. With the advent of highly
spatially resolved studies using spin-polarized scanning tun-
neling microscopy (STM) or low-energy electron microscopy
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(LEEM), it is possible to probe local metastable energetics,
so that the localized effects of thickness quantization become
evident. In this case, a local realization of the transition, at a
different location in parameter space, is observed [18,19].

This article reports novel measurements of the magnetic
susceptibility of ultrathin Fe/2 ML Ni/W(110) films as a
function of coverage as the films are deposited. Magnetic
susceptibility provides complementary information to mi-
croscopy studies, because it is inherently sensitive to the
dynamics of the magnetic excitations of the system, regardless
of whether they are on local or long-range scales. The present
measurements clearly reveal the distinction between the local
and long-range realizations of the spin-reorientation transition
through the observation of two distinct peaks in the same
continuous measurement of the susceptibility on the same
sample. The two peaks are described quantitatively by models
based on long-range and local processes and energetics and
yield in turn quantitative information about the long-range
domain wall density and average dynamics and the distribution
of localized island sizes, respectively. Taken together, these
provide a more comprehensive, consolidated, and detailed
account of the series of phenomena that make up the surface
spin-reorientation transition.

II. EXPERIMENTAL METHODS

Measurements of the magnetic susceptibility were made in
situ as an ultrathin film was grown on a W(110) single-crystal
substrate in ultrahigh vacuum. The sample holder [20] was
equipped with electron-beam heating for flashing to high
temperature, radiative heating for temperature control, and
a liquid nitrogen reservoir for cooling. The sample could
be rotated through polar and azimuthal angles, so that any
in-plane crystalline axis could be aligned with an in-plane
pair of magnetic-field coils, and with the scattering plane of
the laser beam used for the magneto-optic measurements.
For all the data reported here, the in-plane measurement
axis was the W[110] direction. A second coil attached to
the holder generated a field normal to the sample surface.
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The substrate cleanliness was confirmed by using low-energy
electron diffraction and Auger-electron spectroscopy (AES).

The films were formed by evaporation from a pure wire.
Electrons thermally emitted from a hot filament inside the
evaporator [21] were accelerated by 1.75 kV and bombarded
the tip of the wire. The sublimated or evaporated atoms were
collimated by two apertures and formed a beam directed at
the substrate crystal. The evaporator was supported in an
adjustable tripod, so that the direction of the atomic beam
could be finely adjusted and made to coincide with the region
of the film probed by the laser used for magneto-optic Kerr
effect (MOKE) measurements. AES was used to iteratively
adjust the evaporator direction to ensure a uniform film over a
region about 9 mm? on the substrate.

The second collimating aperture in the evaporator was
electrically isolated. Because a certain fraction of the evaporate
atoms striking it are ionized, an ion current of order nA could
be measured by using an electrometer. Fine adjustments of the
wire position were used to keep the monitor current constant
and thus ensure a constant deposition rate. The deposition rate
was calibrated by a sequence of accumulating depositions,
where the film was annealed to 600 K and an W Auger
spectrum was measured after each step in deposition. For
Fe/W(110) and Ni/W(110), a plot of the W Auger attenuation
vs deposition time shows a clear break in slope at 1 ML that
was used to calibrate the monitor current [21,22]. In the present
case, the calibration constant for Fe evaporation on W(110)
was 3.00 + 0.15 nA min/ML.

The magnetic susceptibility of the film was determined
with a MOKE apparatus [23-25] by using a linearly polarized
HeNe laser. Details of the optical arrangement, alignment
procedures, sensitivity, and conversion of the raw data to
magnetic susceptibility can be found in Refs. [25,26]. The laser
beam entered through an ultrahigh vacuum (UHV) window,
scattered at 45° from the substrate normal, and exited through
a second UHV window. Compensation techniques were used
to retain linear polarization after the magneto-optical Kerr
rotation. The beam then passed through a polarizing crystal to
isolate the rotated component of the light, and was detected by
a photodiode. An ac field of 2.0 Oe and 210 Hz was generated
by either the in-plane or normal coils, depending upon the
experiment, and lock-in detection was used to isolate the signal
at the frequency of the field and to measure the susceptibility
directly in units of urad/Oe. Previous studies of this per-
pendicularly magnetized system [27] have shown that these
field parameters produce a linear response in the susceptibility
which is sensitive to the slow dynamics of domain walls. The
susceptibility was calibrated to dimensionless SI units by using
the optical rotation of saturated hysteresis loops of Fe films.

The mutual alignment of the evaporator and MOKE
apparatus must be rather precise, and the use of film deposition
0 as the independent variable requires growing the films
very slowly. To confirm the stability of the mechanical
alignment of the evaporator, and the long-term proportionality
of deposition time and 6, the following preliminary experiment
was performed. Fe/W(110) is known to have an in-plane
magnetization with a Curie temperature of 450 K for films
2.0 ML thick [22,28,29]. By using the evaporator calibration
found via AES, a film of known Fe thickness near 1.2 ML
was grown and annealed at 600 K. Additional deposition
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FIG. 1. Proof of principle and growth calibration using
Fe/W(110). (a) Starting with Fe films of known thickness near 1.2 ML,
the susceptibility is measured as a series of films are grown at 450 K
with different evaporator monitor currents in nA. The film undergoes
a Curie transition at 2.0 ML. (b) The evaporator is calibrated by using
the growth time to the peak in the susceptibility at each monitor
current. The band is the error range of the independent calibration
using Auger spectroscopy. The error bar on each point reflects the
uncertainty in the starting thickness of each film through the Auger
thickness calibration.

was then made at a fixed evaporator monitor current ¢ as
the susceptibility was measured by using the in-plane coils.
This measurement geometry is sensitive to in-plane variations
in both the orientation and magnitude of the magnetization
via the longitudinal Kerr effect, since it is not affected by
demagnetization effects. It is therefore sensitive to an in-plane
Curie transition. As is shown in Fig. 1(a), the susceptibility
exhibits a narrow peak at the transition from paramagnetism
to ferromagnetism as a function of deposition time. Taking the
deposition at the peak as 2.0 ML, and knowing the deposition
time, an independent calibration of the evaporator was made
at each monitor current. These calibration factors are shown in
Fig. 1(b). The six calibration points give an average calibration
constant of 2.98 £ 0.16 nA min/ML, in agreement with the
original AES calibration. This shows that the evaporator is
linear and reliably calibrated at low monitor currents, and that
the dominant error comes from the Auger calibration method
used to determine the thickness of the starting films. With
this validation of the experimental procedures, data plots in
subsequent sections are presented with ML on the independent
axis.
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Measurements of the reorientation transition were made in
an identical manner, except that the substrate was prepared
with 2ML Ni/W(110). The nickel film was annealed to
600 K after deposition of 1 ML to cause wetting of the
substrate. In this system [30], the Ni layers create a slightly
strained fcc (111) surface template with atomic spacing
very close to that of bulk Ni, and in-plane magnetization.
Subsequent pseudomorphic Fe deposition creates a system
with perpendicular anisotropy. Thicker Fe films reorient to an
in-plane magnetization along the [001] in-plane direction of
the underlying W(110) crystal [31]. The susceptibility was
measured by using a 2.0 Oe ac field normal to the surface.
This measurement geometry uses the polar Kerr effect and is
sensitive to variations in the orientation of the magnetization
normal to the surface and to changes in the net perpendicular
magnetization due to domain wall movement [32]. Because
the demagnetization factor normal to a thin film is unity, these
measurements are not sensitive to changes in the magnitude
of the normal magnetization, as might occur, for instance, in a
Curie transition for normal magnetization.

III. LONG-RANGE REALIZATION OF
SPIN-REORIENTATION TRANSITION

A. Analytic description

A long-range model of the spin-reorientation transition has
been used very successfully to describe magnetic susceptibility
measurements of perpendicularly magnetized ultrathin films as
a function of remperature [32]. This has provided information
complementary to microscopy studies by describing the
dynamics of domain wall formation and pattern defects in the
domain pattern [33,34]. In this section, this model is adapted
to measurements as a function of thickness.

At a first glance, it is surprising that film thickness can be
treated as a continuous variable in ultrathin magnetic films,
even though it is a discrete variable with large proportionate
changes. This comes about because the exchange interaction is
local and (very nearly) uniform, the surface anisotropy Ks(7)
is (very nearly) localized to surface and interface layers, and
dipole and strain energies are long ranged and effectively
average over spatial dimensions. Under these approximations,
a basic description of the spin-reorientation transition has no
intrinsic scale, and the anisotropy energy E,, depends on the
surface-to-volume ratio of the film through the temperature
and thickness dependence of the effective anisotropy [35],
K (T,0),

Ew =Y AKs(T)= Y Aid;Qp(T), (1)

where d; and A; are the thickness and surface area of the

portions of the film that are i atomic layers thick, and Qp(7T) =
%MOM 2(T) is the short-range dipolar demagnetization energy

for a thin film geometry.

Ean _ K N (T)
V. obo

where the total deposition in ML, 6, is given by

K (T,0) =

— Qp(T), @

3
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b is the thickness of a single atomic layer, and d is the
continuous, average thickness. In most cases where a spin-
reorientation transition occurs, Kg(7) > 0 and the system has
magnetization perpendicular to the film at low thickness and/or
temperature and a transition to magnetization parallel to the
film surface occurs as K.¢(7,0) changes sign [1] due to an
increase in average thickness and/or thermal renormalization
of the surface anisotropy with increasing temperature.

At the next level of complexity, the long-range dipole
interactions in the perpendicularly magnetized state drive
the formation of a domain pattern with equilibrium stripe
density [6,10]

4 Ew(T,0)
€q — -
" (T’Q)_ne(T,e)exP< 4Qp(T)HbO 1)’ @

where € = 7[['/Ke(T,0)]2 and Ew = 4[T Keir(T,0)]? are
the domain wall width and energy per unit area. I' is the
exchange stiffness and the use of the effective anisotropy
and average thickness is justified by the long-range nature
of the dipole interactions. In the presence of the stripe
domain phase, applying a magnetic field along the surface
normal causes the domains to grow (shrink) if the domain
magnetization is parallel (antiparallel) to the applied field.
The equilibrium magnetic susceptibility x [%(T,0), measures
the moment induced in this way [33]:

2 1 14 Ew(T,0
exp( wl )—i—l).

NT,0) = — =
KO = o a T = mbe 4Qp(THbo

&)

The domain walls in the domain pattern are subject to
pinning by inhomogeneities in the film, so that the domains
respond to the applied field with a relaxation time t. The
relaxation time depends upon the depth, or activation energy
E,, of the local pinning potential and on an intrinsic “attempt”
time 1o for the trapped domain wall segment to escape:

E,
T = 19 exp <k_T) (6)

The pinning sites represent a distribution of activation energies.
Bruno et al. [36] have considered the question of estimating
the mean activation energy due to variations in film thickness.
They use a spatial averaging technique to reduce the two-
dimensional pinning problem to that of a rigid domain wall
moving in a one-dimensional effective potential. Due to the
spatial averaging, the resulting mean activation energy depends
upon the continuous, average film thickness d:

cd (a )2
E.(T,d) = —Ew(T,d)Ad | , 7)

Ew(T,d)\ 9d

where ¢ is the mean spacing of pinning sites. Because the
pinning is most effective at lower thickness where K % 0,
w can be treated as a small parameter in the regime where
pinning is effective. Choosing Ad to be a layer thickness b,

ET,0)~ ¢JTKs(T)b 02 (1 + §w>. 8)
2 Ks(T)

The dynamics of the domain walls in an ac applied field
with a low frequency @ can be treated in the relaxation
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FIG. 2. (a) A selection of susceptibility measurements of Fe/2
ML Ni/W(110) films, measured as a function of coverage as the
films were being grown at the following temperatures: 270 K (solid),
315 K (long dash and dash dot), 330 K (short dash). The dotted
curve was measured on a film grown at 315 K on a Ni film that was
not annealed. These selected curves show the full range of observed
qualitative behavior. (b) The frequency with which each type of curve
was observed, binned according to the temperature at which the
experiment was performed. The peak at lower deposition shows a
systematic dependence upon growth temperature.

approximation. This gives
(T.0) = 1 —iwt(T,0)
X = T 22T 0)

In the next section, this model is applied to measurements of
the susceptibility as a function of 6.

XiNT,0). €))

B. Long-range reorientation as a function of

A collection of measurements of x,(0) for Fe/2 ML
Ni/W(110) films is shown in Fig. 2(a). These selected data
reflect the full range of qualitative behavior observed in
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independent measurements of about 60 different films as
they were grown at a variety of constant temperatures from
250 to 360 K. The shape of the curves can be classified
qualitatively as (i) a single peak at higher deposition, (ii) a peak
at higher deposition with a shoulder at lower coverage, and
(iii) two well-resolved peaks. Figure 2(b) shows the frequency
with which each category is observed, and how this changes
systematically with (binned) temperature.

The peak at high deposition is always observed and occurs
just above 2ML of Fe deposition. This is consistent with
previous studies [31,37] of the long-range realization of the
reorientation transition in films of fixed thickness as a function
of temperature. It was possible to measure a susceptibility
curve where the peak at high deposition was absent [dotted
curve in Fig. 2(a)] by growing on an unannealed Ni film to
create a particularly rough Fe film. This is consistent with
very strong defect pinning that will not allow domain walls to
move at any coverage.

The peak at lower coverage was not anticipated from
the earlier studies as a function of temperature. It is more
sensitive to the growth conditions, sometimes appearing as a
well-resolved peak, and sometimes as a shoulder, with the form
depending significantly on the growth temperature. This sug-
gests that the peak at lower deposition is sensitive to the local
film microstructure. A successful model for the origin of this
peak will account for the systematic dependence of the shape
of this peak on growth temperature, as illustrated in Fig. 2(b).

To test these initial interpretations, three measurements
taken as films were grown at 315 K, where the two peaks
are typically well separated, were selected for quantitative
analysis. A sample analysis of the peak at larger 6, using
the model for a long-range reorientation transition, is shown
in Fig. 3. The fitted curve is mostly obscured by the data
points (which have been binned in increments of 0.01 ML).
The pinning energies are reduced at high coverage, and the
dynamical prefactor in Eq. (9) can be neglected. According
to Eq. (5), the logarithm of this portion of the curve should
vary as =2 to first order. This is demonstrated in Fig. 3(b)
for the data between the solid arrows. A linear least-squares fit
provides the constants In yo and C, where

= —‘FKS_ (10)

Qpb3/2

On the low-coverage side of the peak, the dynamical factor
grows as a result of domain wall pinning at lower coverage.
This is described by Egs. (6), (8), and (9). Using the constants
from the fit in Fig. 3(b), the scaling of the average activation
energy as 6= is illustrated in Fig. 3(c) for the data between
the two dashed arrows. The slope of this plot is given by

b= JT&sb (i
kgT

The four constants determined from the two least-squares fits
give an excellent description of the peak.

Figure 4 shows that the peak at high deposition in all
three of the data sets with well-separated peaks are described
very well by the model of the stripe domain pattern that
accompanies the long-range realization of the reorientation
transition. Microscopy studies showing that the domain
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FIG. 3. Representative analysis of the second peak in the suscep-
tibility, using the long-range domain model. (a) Susceptibility of a
sample grown at 315 K, with well-separated peaks. The solid line,
mostly obscured by the data symbols, is obtained by fitting to the
model in Sec. II. (b) The section of the curve in panel (a) between the
solid arrows is fit to 9*%, in accordance with Eq. (5). (c) The section
of the curve in panel (a) between the dashed arrows is fit to 0*%, in
accordance with Egs. (6), (8), and (9). The constants o and C are
determined from the fit in panel (b).

density changes exponentially with thickness [14,16,17] are
confirmed, with the further finding that the argument of
the exponential has a leading term that varies as 6732, as
predicted. The data sets with a larger signal in the “valley”
between the two peaks likely represent situations where the
distribution of pinning activation energies is broader. For this
reason, the model based on the mean pinning energy does not
fit the tail at low deposition quite as well.

The parameters used to fit the peak at high deposition
to the long-range model for reorientation are given in
Table 1. Using the constants Qp = 1.86 x 10° J/m’® and
I' = 1.49 x 10~!" J/m appropriate for bulk iron [38], values
for the mean separation of the pinning sites, ¢, and for Ky are
calculated and listed in the table. ¢ is consistent with a previous
study of pinning on Fe/2ML Ni/W(110) films grown near
room temperature by using susceptibility measurements as a
function of temperature [32], which yielded ¢ = 58 &9 nm.
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FIG. 4. Selected susceptibility measurements made at 315 K,
where the two peaks are well separated. The curves fit to the peaks
at higher deposition are based on the model of domain motion in
the striped domain pattern that precedes the long-range reorientation

transition. The curves fit to the peaks at lower deposition are discussed
in Sec. IV.

The values for Kg near room temperature are reasonable,
but are about 1.5 times larger than expected. This can be
seen from the deposition, 6, that these values predict for
the reorientation. Table 1 gives 0 = Ks/(Q2pb) =5 ML,
whereas the data in Fig. 4 suggest ~3.5 ML.

A more detailed analysis of the model, including the higher-
order terms in Egs. (5) and (8), is left to a later presentation
that considers a larger collection of measurements across a
range of temperatures. Nevertheless, it is clear that the model
for the long-range realization of the reorientation transition as
a function of thickness gives an excellent description of the
peak at higher deposition and confirms the identification of
this peak. The present article turns now to the new peak at
lower deposition.

IV. LOCAL REALIZATION OF REORIENTATION
TRANSITION

A. Analytic description

A successful description of the first peak in the susceptibil-
ity must be consistent with a number of observations. First, it
cannot represent a Curie transition between the paramagnetic
and ferromagnetic states of a perpendicularly magnetized film,
since demagnetization effects preclude the observation of this

TABLE I. The model for the long-range reorientation mediated
by domains yields values for the two dimensionless parameters, C
[Eq. (10)] and D [Eq. (11)]. From these, the physical parameters
giving the mean separation of pinning sites ¢, the surface anisotropy
K, and the deposition at which the reorientation transition occurs,
Or, can be calculated.

Data set 1 2 3
c 30.1+£02 341402 30.0+02
D 63.2+02 61.4+04 509403
¢ (nm) 57 49 46
K (J/m?) 1.7x107  22x107° 1.7x10°?
Or = Ks/(Qpb) (ML) 4.6 5.9 4.6
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type of transition [32]. Second, it cannot involve the motion
of domain walls, since these are pinned at all coverages
less than the peak at larger 6. The first peak must involve
a different low-energy excitation, or “soft” mode, that will
respond to a small oscillating perpendicular field. Third, the
peak is relatively narrow, occupying a small range of 6 near,
but significantly above, 1 ML. Finally, the peak is sensitive
to the growth conditions, shows systematic changes with the
temperature at which the film is grown, and persists even for
very rough films.

All these points suggest the magnetic response of islands.
There are two possibilities: the peak might be the response
of small first-layer Fe islands with perpendicular anisotropy
surrounded by the in-plane Ni substrate film, or the peak
might represent the response of Fe islands with in-plane
anisotropy in the third atomic layer that lie within much larger
regions of two-atomic-layer Fe thickness with perpendicular
anisotropy. If the first scenario were correct, one would expect
the response to begin at much lower coverage than it does,
and to reach a maximum well below a coverage of 1 ML. For
this reason, the following analytic description is presented
with reference to the islands in the third Fe layer. However,
the model can be easily adapted to the first scenario, and this
question will be revisited.

A number of authors have considered an analytic de-
scription of the formation of a static domain wall at the
interface between two regions with different axes of magnetic
anisotropy [39—41]. Although this description is tractable in
one dimension (infinite, uniform stripes), it is much more
difficult for two-dimensional islands. A simplified approach
that captures the essence of the situation is to assume that
there is a critical island radius r.. Islands in the third layer that
have radius r < r, have a partially developed domain wall at
the interface with the two-atomic-layer regions within which
they lie. This spin geometry is a compromise between the
competing exchange energy with the surrounding two atomic
layer region and the in-plane anisotropy energy within the
island and represents a system in transition that is sensitive,
or “soft”, to a small applied perpendicular field. Islands with
r > r. have a fully formed domain wall at their boundary, but
the domain wall is pinned and cannot move. In the interior of
the islands the in-plane anisotropy and exchange energies are
mutually reinforcing, rather than competing, so that there is
no significant response to a small perpendicular field.

This simple model is equivalent to determining the net
magnetic moment from islands in the third atomic layer below
a certain size, and how it responds to an applied perpendicular
field. Islands in the third layer grow on larger islands in the
second layer, and have in turn islands in the fourth layer
growing on top of them. Let s3 be the number of atoms in
a particular island in the third layer of a film, and N (s3) be the
site density of islands in the third layer containing s3 atoms.
The critical island size is when s3 = s5. Then the total site
density of islands in the third layer is N3 = Z N(s3). The
magnetization that results if the moments of all portlons of the
film where the surface atoms are in the third layer are aligned is

Miax = ( 23b> Z N(s3) Z N(s4)

53 <83 S4<583

[Bu(s3 — s4)].

12)
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The first term is the (site per unit volume). The second is the
number of (islands per site), which has been corrected for the
fraction of each island in the third layer that is covered by a
fourth-layer island. The final term is the (moment per island).
ap is the in-plane lattice constant, and w is the moment per
atom. The degree to which the spins in the partial domain wall
in each island can be aligned by an external perpendicular field
H at temperature 7' is approximately given by multiplying
each term under the double sum over s3 and s4 in Eq. (12) by
the low-field limit of the Langevin function [42]:

3
3( POR (55 — s4>H> (13)

Then the susceptibility, in the limit of the applied field going
to zero, is

<s3 -5, (14)

s3<s* 54<83

where it has been recognized that % Mo(a’;—b)z =Qp
0

Amar and Family [43] have presented a model of the island-
size distribution as a monolayer film grows. It uses the general
scaling condition

N2
N(s;) = jf(ui), (15)

where 6; is the coverage in the ith layer, such that 6 = . 6;.
f(u;) is a scaling function in the dimensionless variable
u; = ;— where o; is the average number of atoms contained
in each island in the ith layer. An expression for the scaling
function is given in Ref. [43]. It has normalization

/00 fw)du = /OO uf(u)du =1, (16)
0 0

/Oo u? fuw)du = 1.09 = c,. 17)
0

The function f(u) is such that these integrals are insensitive
to the value of the upper limit so long as it is >>2. Substituting
these definitions into Eq. (14), and converting the sums to
integrals over the continuous variables u; gives

2a2b s uyf
XL = Qp duzNs f(u3) duy f(us)
) 04\
o (1t _ wata ) (18)
N3 Ny

where u}y' represents the largest island size in the fourth layer,
and u represents the critical island size in the third layer.

It is now assumed that the island growth in the third and
fourth layers is beyond the nucleation stage, but still far from
layer percolation. Newly deposited atoms are much more likely
to aggregate on an existing island than to nucleate a new island.
In this aggregation stage [44], the number of islands remains
constant. Thus,

o = —. 19)

In addition, since both the third and fourth layers are described
by monolayer Fe islands growing on existing Fe islands, the
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island density after nucleation has ended will be the same:
N; = N. Under these conditions, the upper limits of the
integrals can be written as

=3 =3B N=3 20
I/t3 o3 93 93 ( )
e 0 0
MT_sizsi _5B3% _ CH 1)
04 94 94 03 94

and the susceptibility becomes
5 03
iy usty )
XL = B/ du3f(u3)/ dug f(ua) (U363 — us6s)°,
0 0
(22)

B— Za(%b
~ NkT

When this expression is used to describe small third-layer
islands with radius r < r, the fourth-layer islands growing on
top of them will be very small. Then uj' ~ z—z > 2, and the
upper limit of the integral over u4 in Eq. (22) can be replaced
by infinity. The final expression for the susceptibility is then

Qp. (23)

"
2

o3
x.(0)=B / " dus f(u3) (1367 — 2u3630, + 267).  (24)
0

To evaluate this requires a model that relates the total de-
position 0 to the layer coverages 6;. The most straightforward
approach, which is valid at intermediate temperatures, is to
assume that newly deposited atoms have sufficient thermal
energy to aggregate, but not enough to move from the layer
upon which they are deposited to another layer. This condition
is described by the differential equation

df; = (6;—1 — 6,)do, (25)

which merely states that the ith layer must grow on uncovered
regions of the (i — 1)st layer. It has the solution

i-1 4,

=1—e") —

. (26)
n!

n=0

This can be substituted into each term in Eq. (24) for numerical
integration. In the limit of low coverages in the third layer,
03

7 > 2 and the upper limit of the integral can be set to infinity.

Then,

6

0
x1(0)=B(c205 —20304 + 207) ~ B(03—04)* = B%e—”.

27

This expression should describe the leading edge of the
first susceptibility peak. Recall at this point that it is also
conceivable that this peak in the susceptibility represents the
response of small islands with perpendicular anisotropy in the
first Fe monolayer, which are surrounded by the in-plane Ni
substrate. In this case, the leading edge of the peak would vary
as

X1(0) ~ (B — 02)* = 0% . (28)
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FIG. 5. Scaling of the leading edge of the first peak in the data
sets in Fig. 4. According to Eq. (27), the slope should equal 6 if the
susceptibility is the response of small islands in the third layer.

B. Local reorientation of islands as a function of 6

The model of local reorientation is tested by applying it
to the first peak of the data sets in Fig. 4. In accordance with
Eq. (27), the leading edge of the peak with & < 1ML is plotted
in Fig. 5, with In x as a function of In§ — %

The fact that the slope on all three of the plots is very
nearly 6 is strong evidence that the magnetic response is from
small islands of three-layer thickness. It is possible that a
peak due to the alternate hypothesis of islands in the first Fe
layer will be observable as yet another peak at lower coverage
under different experimental conditions. Once the intercept
on the plot is used to determine the prefactor B in Eq. (23),
the only remaining free parameter is 65. This is determined
by calculating x () in Eq. (24) for a range of values of 65
and finding the value that gives the minimum least-squares
deviation from the data. The fitted range of deposition is from
zero up to the point where the peak has fallen to twice the
susceptibility value in the “valley” between the peaks. Curves
fit in this way are included in Fig. 4. The curves give an
excellent representation of the data and are for the most part
obscured by the data points. Again, in the valley between the
two peaks the curves depart significantly from the data. This is
likely a result of using a uniform cutoff to the integral, rather
than a more nuanced approach that might take into account
variables such as island shape, and of course due to overlap
with the tail of the second peak.

The fitted values of the parameters B and 65 are collected
in Table II. The value of 65 is well within the aggregation
regime of the island growth model [44], as was assumed. It
can also be used to check the assumption that was made in
moving from Eq. (22) to Eq. (24). By rearranging Eq. (21), the
condition u}y > 2 becomes uz > 22—2. The most stringent test
is at the largest value of 6, when 05 = 03 ~ 0.2. In this case,
Eq. (26) gives S—“ ~ 1/3, so that u3 > 0.67. This condition
omits a portion of the integral in Eq. (22) at small values of u3.
Recalculating the normalization conditions in Eq. (17) from
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TABLE II. The model for the local reorientation of islands in the
third layer requires the fitting of the two free parameters B and 6;.
From these, the physical parameters for the island density N, the
critical size s, and diameter r. of the islands where there the local
transition is complete, can be derived.

Data set 1 2 3

B (SI units) 7670 6190 12 230
03 (atoms/site) 0.145 0.210 0.165
N/a? (islands/pum?) 23 29 15
alsi (um?/island) 62x 1072  72x107%  11.1x 1073
r. (nm) 45 48 59

this lower limit (rather than 0) shows that a maximum error of
10% is created. This error occurs at the point where the fitted
curve is deviating from the data because of the valley between
the two peaks in any case. It is concluded that the assumption
does not significantly effect the analysis.

The fitted parameters can be related to physical parameters
describing the distribution of islands in the third layer. The
island density N/aj can be found from Eq. (23), using
the values p = 1.9 x 10° J/m3 for bcc iron [38], and
b =0.20 nm for the Fe lattice formed on the 2 ML Ni
fce substrate [30]. The critical island area a§s§ can then be
found by using Eq. (20), and the radius r. of the (circular)
critical islands calculated. An important point of internal
consistency is to compare the calculated critical island radius
with the assumptions of the model. According to the model,
the magnetic response of the third-layer islands to a small
perpendicular field disappears once a complete, pinned domain
wall is formed to transition from perpendicular moments at the
edge of the island to in-plane moments at the center. Thus the
critical island radius should be about the length of a 90° domain
wall. The entries in Table II give a average critical island radius
of ~50 nm. This is very reasonable for the width of a domain
wall.

With the quantitative success of the local model of
the spin-reorientation transition for measurements taken at
315 K, it can be applied to the interpretation of the systematic
variation in the shape of the first peak with temperature, as
seen in Fig. 2(b). A key assumption of the model is that
the mobility of the deposited Fe atoms is large enough to
allow the aggregation of atoms onto existing islands once the
fitted island density has been nucleated. A second assumption,
implied by Eq. (25), is that the mobility of the Fe atoms is not
large enough to allow them to move between atomic layers.
This suggests that there is a restricted range of mobilities
where both assumptions can be correct, and two well-separated
peaks in the susceptibility can be observed. According to
Fig. 2(b), this mobility evidently occurs in the temperature
range 305-325 K, where the measured susceptibility most
commonly has a double-peak structure.

At higher temperature (330-360 K), the mobility is in-
creased and the occurrence of a susceptibility with a single
peak at high deposition increases markedly at the expense of
occurrences of a double-peak structure. The implication is that
the increased mobility now permits Fe atoms to move from one
layer to another, so that when 6 &~ 1M L they do not aggregate
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on the third-atomic-layer islands, but rather move to vacancies
in the second layer to form a more perfect film. Since this
will greatly reduce the island density in the third layer and
increase the size of the remaining islands, the susceptibility
due to third-layer islands within the critical size will be greatly
reduced.

At lower temperature (250-300 K), the mobility is de-
creased, and the occurrence of a susceptibility with a small
shoulder increases at the expense of occurrences of a double
peak structure. The implication is that the decreased mobility
no longer permits the same degree of aggregation of atoms
on the third-layer islands, so that the island density increases
and the islands are much smaller on average. This results in
only a shoulder, or a small peak at lower deposition. Thus the
identification of the newly observed peak in the susceptibility
as a local realization of the reorientation transition is supported
not only by the quantitative description of data curves in
the intermediate temperature range where both peaks are
well-resolved, but also by the qualitative explanation of the
systematic changes in this peak as a function of temperature
that it provides.

V. CONCLUSIONS

Novel in situ measurements of the magnetic susceptibility
of Fe/2 ML Ni/W(110) films, made as a function of deposition
as the films were grown, have provided a more comprehensive
view of the collection of related phenomena that are referred to
as the surface spin-reorientation transition. The measurements
reveal two clear peaks in the susceptibility associated with the
transition, rather than the single peak that might have been
inferred from microscopy studies or studies as a function of
temperature. The peak at lower coverage is sensitive to details
of the film growth and, although its precise form is not precisely
reproducible from film to film, it shows systematic changes
with the temperature at which the experiment is performed. In
an intermediate temperature range near 315 K, the two peaks
are commonly well separated so that they can be modelled and
analyzed separately.

The peak at larger deposition (6 > 2 Fe ML) results from
the long-range realization of the reorientation transition, where
the energetics are governed by mesoscopic averaging over the
film morphology and lead to long-range domain structures.
This signature peak is well described by an analysis in terms
of the continuous average film thickness, or total deposition,
6. The peak is a response to the motion of domain walls in the
stripe domain pattern. The domain density is found to be an
exponential function of average film thickness, in agreement
with previous microscopy studies. It is further shown that
the functional form of the argument of the exponential has
a leading term that varies as 6~3/2, in agreement with theory.
The domain walls are pinned with an activation energy that
also varies as 673/2, but through a different mechanism. This
variation results from the mean of the distribution of the
averaged effective pinning potential due to statistical variations
in film thickness. The model gives an excellent description
of the magnetic susceptibility with only four independent
parameters. A more extensive investigation of the long-range
thickness-dependent transition will be the subject of a future
presentation.
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The peak at lower deposition (6 < 1.5 Fe ML) is described
quantitatively by a local realization of the reorientation
transition, where the effects of finite size and metastability are
important. As a result, the reorientation must be described in
terms of local, discrete layer thickness and coverages 6; rather
than the total deposition. The discrete step in thickness between
the second and third layers creates a boundary between regions
with perpendicular and in-plane anisotropy. The partial domain
wall pinned at this boundary on islands smaller than a critical
radius is susceptible to a small perpendicular field. The model
of the response of the islands in a local realization of the
transition has only two free parameters. First, the leading edge
of the susceptibility peak scales as x(9) ~ 6° exp(—20), in
agreement with the aggregation of small third-layer islands
on the second layer. Second, the response disappears once the
third-layer islands have a radius larger than ~50 nm, which is
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a consistent with the formation of a complete pinned domain
wall at the island boundary.

These results make it clear that both the local and long-range
realizations of the reorientation transition are needed to under-
stand the magnetic response of the system. The two realizations
are distinct in that they involve different magnetic excitations,
different descriptions of the film morphology, and occur at
different locations in parameter space. They are tied together
within the group of related phenomena that result from the
rebalancing of dipole energy and anisotropy energy as the tem-
perature and/or average thickness of an ultrathin film is varied.
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