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Spin reorientations induced by morphology changes in Fe/Ag„001…
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Institut für Physik, Universita¨t Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

~Received 19 January 1999!

By means of magneto-optical Kerr effect we observe spin reorientations from in-plane to out-of-plane and
vice versa upon annealing thin Fe films on Ag~001! at increasing temperatures. Scanning-tunneling microscopy
images of the different Fe films are used to quantify the surface roughness. The observed spin reorientations
can be explained with the experimentally acquired roughness parameters by taking into account the effect of
roughness on both the magnetic dipolar and the magnetocrystalline anisotropy.@S0163-1829~99!01521-0#
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Ultrathin ferromagnetic films have attracted enormous
terest in recent years. Due to the broken symmetry at
surface their anisotropies are strongly altered compare
bulk values. In a phenomenological description one can
tinguish between bulk and surface contributions to the eff
tive anisotropy1

Ke f f5Kv1
2Ks

d
, ~1!

whereKe f f denotes the effective,Kv the volume, andKs the
surface anisotropy. In the Fe/Ag~001! system, it has been
found that the out-of-plane surface anisotropy can domin
the volume anisotropy in the ultrathin range and align
magnetization perpendicular to the surface.2–6 Recently, the
temperature and thickness dependent spin reorientation
sition has been further investigated on wedge-sha
samples.7–10 In spite of this much better understanding of t
magnetic phase transition, there is still considerable
agreement in literature concerning the exact thickness
temperature where the transition occurs, which makes it
ficult to compare experimental data with theory. As an e
ample, we mention the discrepancy between the results
cently obtained by Berger and Hopster10 and the magnetic
phase diagram constructed by Qiuet al. in Ref. 8: For a
4.3-monolayer~ML !-thick Fe film on Ag~001!, Berger and
Hopster measure a temperature dependent spin reorient
from out-of-plane to in-plane atT'220 K, whereas Qiu
et al. observe that the out-of-plane configuration is stable
to 400 K at this thickness.

The importance of morphology in thin film magnetis
has been realized from the very beginning of this field a
quite some discussion arose about the growth mode of F
Ag~001!,11–15 but there are hardly anydirect measurements
of the influence of structure on magnetism. Without quan
fying the morphology, Heinrichet al.16 observe for example
an increased uniaxial anisotropy of Au/Fe/Ag sandwich
grown on Fe whiskers compared to those sandwiches gr
on bulk Ag~001!. They speculate that a significantly small
density of steps on the Fe whisker substrates may be a re
for this observation.

In this study, we use scanning-tunneling microsco
~STM! to get direct space information of the morphology
our samples. Direct comparison of the structural results w
magneto-optical Kerr effect~MOKE! measurements allow
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us to observe spin reorientations induced solely by morph
ogy changes. Morphology dependent spin reorientati
have an influence on the magnetic phase diagram and m
thus explain some of the discrepancies reported
literature.8,10

Sample preparation and characterization with the exc
tion of MOKE measurements are performed in an ultrah
vacuum system with a base pressure of 5310211 mbar
which is equipped with molecular-beam epitaxy, STM, lo
energy electron diffraction~LEED!, and x-ray photoemission
electron spectroscopy~XPS!. The magnetic measuremen
are performedex situ with a MOKE setup that allows the
detection of longitudinal and polar Kerr effect. The diame
of the laser spot is 100mm. All measurements are carried o
at room temperature~RT!. As substrates, we use 150-nm
thick Ag films which are grown on Fe precovered GaAs~001!
wafers. After growth at 100 °C and postannealing at 300
for one hour, we get high quality single crystalline Ag~001!
films. More details about the substrate preparation can
found in Ref. 17. The Fe films are grown at RT onto t
Ag~001! substrates. The evaporation rate is monitored b
quartz thickness monitor and is typically 0.5 ML/min
Wedge-shaped Fe films with a slope of 2 ML/mm are gro
by linearly moving a shutter in front of the substrate duri
deposition. After deposition, the Fe films are either inves
gated as grown or after postannealing for half an hour
elevated temperatures. The temperature accuracy is
mated to be610 °C. Before the magnetic measurements
performed, the samples are coated with 10 nm Ag in orde
have two chemically identical interfaces of the Fe film and
protect the samples from air exposure.

Longitudinal Kerr effect is used to measure the in-pla
component of the magnetization. For this purpose, the ex
nal magnetic field is applied in the plane of the film paral
to a @100# easy axis of the Fe film. In Fig. 1~a!, the remanent
magnetization divided by the saturation magnetization
plotted for Fe films directly after growth at RT and aft
postannealing for half an hour at 150, 200, and 250 °C,
spectively. The Fe thickness corresponds to the nominal
posited film thickness, which is used throughout this te
The data points basically lie on two different curves: T
sample annealed at 200 °C shows full remanence down
thickness of;5.5 ML and the remanence disappears
smaller thicknesses within a monolayer. All the oth
14 516 ©1999 The American Physical Society
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FIG. 1. Remanent magnetization measured at RT for Fe films grown at RT on Ag~001! and annealed at various temperaturesTA : ~a!
longitudinal Kerr signal,~b! polar Kerr signal.
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samples show full remanence down to;3.5 ML and again
the remanence fully vanishes for smaller thicknesses with
monolayer.

In Fig. 1~b!, the remanent magnetization is plotted for t
different samples in polar geometry, which is sensitive
out-of-plane magnetization. Again, the sample anneale
200 °C differs substantially from all the others: It shows
most full remanence around 4.5 ML, whereas all the ot
samples show no or only very little out-of-plane remanen
This means that for Fe films with a thickness of about
ML, which is highlighted in the plots by a dashed vertic
line, we observe a spin reorientation from in-plane to out-
plane upon annealing at 200 °C. A second spin reorienta
back to in-plane is observed after annealing at 250 °C.
cause the Curie temperatureTC is falling below RT at 2–3
ML,8 neither in-plane nor out-of-plane remanent magneti
tion is observed below this thickness.

We perform structural analysis of 4.5-ML-thick Fe film
by LEED and STM. By LEED, we observe a sharpening
a

o
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r
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the spots upon annealing, in agreement with previo
reports,8,10 but it is difficult to get quantitative information
about the morphology. Therefore we characterize the s
faces also by STM~Fig. 2!. To quantify the morphology, we
determine thevertical roughnesss as the average deviatio
from the mean flat surface,s5^udzu&, and thelateral rough-
ness Las the average lateral size of terraces. After growth
RT @Fig. 2~a!#, we observe an irregular arrangement
growth hillocks, in accordance with measurements of thic
Fe films on Ag~001!.15 The vertical roughness amounts
sRT50.105 nm. The lateral roughness is too small to
determined from the STM image, but it must be on the or
of the Fe lattice constant, henceLRT'0.3 nm. The upper par
of the figure displays the histogram of the image, which h
a Gaussian shape. There cannot be detected any peaks
responding to Fe terraces. After annealing at 150 °C,
STM image~not shown! looks very similar to Fig. 2~a! and
also the vertical roughness is only slightly reduced
s150°C50.103 nm. Evident morphology changes appear a
FIG. 2. STM images (50325 nm2) and the corresponding histograms of a 4.5-ML-thick Fe film grown at RT on Ag~001! and annealed
at various temperatures:~a! as grown,~b! after post annealing at 200 °C,~c! after post annealing at 250 °C. The vertical roughnesss and the
lateral roughnessL extracted from the images are displayed.
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14 518 PRB 59D. M. SCHALLER et al.
a further annealing at 200 °C: The hillocks have transform
into islands with single atomic steps@Fig. 2~b!#. This can be
concluded also from the clear peaks in the histogram.
distances between the histogram peaks correspond to a
bination of Fe steps on different Ag terraces.s200 °C is fur-
ther reduced and amounts to 0.079 nm. Because the la
period is now determined by terraces rather than growth h
ocks, L can be evaluated by calculating the position of t
first maximumR in the radial height-height correlation func
tion. For morphologies with locally only two levels,L cor-
responds to half the period in the height-height correlat
function, henceL'R/2. With this statistical method we ob
tain L200 °C'2.2 nm. Further annealing of the Fe film
250 °C again changes the surface drastically@Fig. 2~c!#: The
terraces are much larger,L250 °C'5.5 nm, and holes with a
depth of 4–5 ML between them expose the Ag substr
These holes cover 25% of the surface. The appearance o
holes increases the vertical roughness tos250 °C50.196 nm.
This value is probably underestimated because the STM
cannot reach the bottom of the smaller holes. The histog
exhibits much sharper peaks corresponding to Ag~left three
peaks! and Fe step heights.

The morphological changes detected by STM coinc
with the chemical analysis by XPS measurements: The r
of the Ag 3d peak area to the Fe 2p peak area is constant o
even slightly reduced after postannealing at 150 and 200
in correspondence with a reduced surface roughness, and
increased by 15% after postannealing at 250 °C, which
consistent with the appearance of holes exposing the Ag
strate and covering 25% of the area.

The appearance of these holes upon annealing at
enough temperatures can be explained by the twice as l
surface free energy of Fe~001! compared to the value o
Ag~001!.18 If the diffusion length is large enough and th
coverage is low, the system can minimize its energy by
wetting the substrate and forming an Ag surface. The in
ence of the surface free energy on the growth mode of Fe
Ag~001! has been discussed in more detail in Ref. 15.

Roughness changes both the magnetocrystalline and
magnetic dipolar anisotropy. Using Ne´el’s model,19 several
authors investigated the additional symmetry breaking
steps giving rise to a magnetic step anisotropy.20–22The Néel
model fails to predict a surface anisotropy for a bcc~001!
surface in first-nearest-neighbor approximation.23 Because
second-nearest neighbors are only 15% more distant
first-nearest neighbors in a bcc crystal, they must not be
glected and the Ne´el model predicts indeed an out-of-plan
surface anisotropy in this approximation. Second-nea
neighbors have simple cubic coordination. For this symm
try, Bruno calculated in Ref. 20 a decrease of the out-
plane surface anisotropy by 50% for each step atom. T
reduction needs to be multiplied by the percentage of s
atoms at the surface, which can be counted to be 4s/L.20

This results in a decrease of the surface anisotropy
DKs /Ks522s/L.

Using the experimentally acquired roughness parame
we calculate a decrease ofKs by more than 50% for the
sample prepared at RT, whereas after annealing at 200
250 °C, the reduction amounts only to 7.2 and 7.1%, resp
tively. Consequently, the reduction ofKs induced by rough-
ness can explain the spin reorientation from in-plane to o
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of-plane upon annealing the Fe film at 200 °C, but it can
account for the second spin reorientation back to in-pla
after further annealing at 250 °C. This second spin reori
tation is caused by the reduction of the interface area by 2
due to the holes which results in a reduction of the surf
energy contribution by the same amount. Additionally, w
have to take into account the effect of roughness on the m
netic dipolar anisotropy. Bruno calculated in Ref. 24 th
roughness also gives rise to a purely dipolar surface ani
ropy. If the vertical roughnesss is dependent on thickness
this anisotropy reduces the absolute value ofKv . A strong
thickness dependence of the vertical roughness is expe
for the sample annealed at 250 °C, because the hole d
and thereby alsos linearly increase with thickness.

Summarizing the effect of roughness on magnetic anis
ropy, we can rewrite Eq.~1!, taking into account the effect o
roughness at one of the interfaces:

Ke f f52
1

2
m0Ms

21
2Ks

d S 122a
s

L D
1

3

8
m0Ms

2 s

d F12 f S 2p
s

L D G . ~2!

The last term is the roughness induced dipolar surface
isotropy calculated in Ref. 24. The graph of the functionf
which is given explicitly in Ref. 24 is plotted in the inset o
Fig. 3. The parametera denotes the reduction of the surfac
anisotropy per step atom, which is predicted to be 50% in
Néel model.

To quantify our observations, we determine the effect
anisotropy of the different samples. Elementary electrom
netic considerations show that the area enclosed between
lar and longitudinal hysteresis loops is proportional toKe f f.1

In the simple case where we measure square longitud
loops, the polar saturation field, the so-called anisotropy fi
HA , is proportional to the effective anisotropy andKe f f

52m0HAMs/2. We use the bulk value for the saturatio
magnetization of Fe,Ms51.7143106 A/m.

FIG. 3. The product of the effective anisotropy and the Fe thi
ness is plotted as a function of the Fe thickness for Fe films gro
at RT and annealed at various temperaturesTA . The solid lines are
a simultaneous fit of the data to Eq.~2!. The inset shows the grap
of the functionf used in Eq.~2!.
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In Fig. 3, the product of the effective anisotropy and t
Fe thickness is plotted as a function of the Fe thickness
the differently prepared samples. The solid lines are the
sult of a simultaneous fit of the data to Eq.~2!. The rough-
ness parameters determined from the STM images are
and the vertical roughness of the sample annealed at 25
is assumed to be linearly dependent on thickne
s250 °C(d)5s0d, in agreement with the linear increase of t
hole depth with thickness. For the sample annealed
250 °C, the decrease of the surface energy contribution
25% due to the reduction of the interface area is taken
account.

The best fit is achieved with the following paramete
a564%, Ms51.033106 A/m, Ks50.27 mJ/m2,
s250 °C(d)50.81d, andL150 °C51.16LRT . The reduction fac-
tor a is indeed fitted very close to 50% which is what
expected from the Ne´el model in second-nearest-neighb
approximation. The other parameters are in reasonable ag
ment with the expected values:L150 °C is only slightly larger
than LRT , and s250 °C has a thickness dependence close
s(d)50.5d valid for a flat film perturbed by holes makin
up 25% of the area. The values ofMs andKs are fitted rather
small ~see, e.g., Ref. 1!, but similarly small values have bee
measured on 3-ML-thick Fe films on Ag~001! substrates
with a miscut of 1.8° by Heinrichet al.16 Larger values ofKs
have been obtained by the same authors on substrates w
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lower miscut.25 Thus the roughness of the bottom interfac
might account for the reduced surface anisotropy. The low
interface is not considered in the above analysis since i
equal for all samples and can therefore not explain the
served spin reorientations.

In conclusion, we have shown by a combined STM a
MOKE study that the magnetic anisotropy of thin Fe film
can considerably be altered by morphology. Spin reorien
tions induced solely by morphology changes are observ
which can explain some of the discrepancies reported in
erature concerning the magnetic phase diagram of
Ag~001!. The results are explained by a change of both t
magnetic dipolar and the magnetocrystalline anisotropy d
to roughness. The change of the magnetocrystalline ani
ropy cannot be predicted within the Ne´el model in first-
nearest-neighbor approximation, even if strain is taken in
account. In second-nearest-neighbor approximation, wh
may be important in a bcc crystal with small strain, the Ne´el
model predicts a reduction of the out-of-plane surface ani
tropy which is in close agreement with our experiments.
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