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Magnetic anistropy in ultrathin epitaxial Fe/Ag „100… films with overlayers

R. J. Hicken,* S. J. Gray, A. Ercole, C. Daboo, D. J. Freeland, E. Gu, E. Ahmad, and J. A. C. Bland
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 29 March 1996; revised manuscript received 31 October 1996!

In situBrillouin light-scattering and magneto-optical Kerr effect measurements have been used to determine
the values of the magnetic anisotropy constants in ultrathin epitaxial Fe/Ag~100! films both during the depo-
sition of the Fe layer and also during the deposition of overlayers of Ag and Cr. The structural properties of the
films have been investigated by means of reflection high-energy electron diffraction and low-energy electron
diffraction. We show that the values of the cubic magnetocrystalline anisotropy constantK1 and the magnetic
surface anisotropy constantKs are strongly dependent upon the value of the Fe layer thicknessd, and that they
differ in sensitivity to the surface structure of the substrate. We find that the thickness of a Ag or Cr overlayer
must be at least 3 ML thick before the value ofKs is saturated. Cr and Ag capping layers are found to have a
qualitatively different effect upon the magnetic anisotropy which we attribute to the presence of magnetic order
in the Cr.@S0163-1829~97!02409-0#
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I. INTRODUCTION

Magnetic anisotropy plays a key role in the physics
ultrathin magnetic structures since it affects the orientat
of the magnetization, the nature of the domain walls,
frequencies of spin-wave excitations, and consequently
thermodynamic behavior of the film. For an itinerant ferr
magnet such as Fe the anisotropy is sensitively depen
upon the electronic band structure of the film and it rema
a challenge to both experimentalists and theorists to de
mine the way in which modified lattice structure, reduc
dimensionality, or the presence of interfaces affect the
isotropy. It has frequently been assumed that the total m
netic anisotropy energy can be divided into a volume ene
term and a surface energy term, introduced by Ne´el,1 and
that these energies are independent of the film thickn
However, recent work now provides evidence that both s
face and volume anisotropies may have a marked thickn
dependence.2–4 To further explore such behavior we hav
studied the dependence of the cubic magnetocrystalline
isotropy energy and the uniaxial perpendicular surface
isotropy energy upon the thicknesses of both the Fe film
that of an overlayer material in the model system of F
Ag~100!. We have usedin situ Brillouin light scattering
~BLS! to study, first, films of different Fe thicknessd, grown
upon identical substrates; second, the Fe/vacuum interf
and third, Fe films with ultrathin overlayers.In situ BLS
allows the anisotropy to be measured sufficiently quic
that no significant surface contamination occurs before de
sition of the film is resumed. We have studied the effect fi
of Ag overlayers which yield symmetric boundary cond
tions, and second of Cr overlayers since Cr is known
mediate an oscillatory interlayer exchange coupling in
Cr/Fe trilayers5 and because a layered antiferromagnetic
der has been reported for the Cr layer,6,7 which may be frus-
trated by surface roughness.8 We will show: first, that for
Fe/Ag~100! both the cubic and surface anisotropies a
strongly dependent upon both the Fe layer thickness and
detailed preparation of the substrate; second, that the su
anisotropy energy continues to change until 3 ML of ov
550163-1829/97/55~9!/5898~10!/$10.00
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layer have been deposited; and third, that the effects of
and Cr overlayers upon the surface anisotropy are in
qualitatively different. In the remainder of the Introductio
we describe recent work relevant to both the structural
magnetic properties of these ultrathin film structures. In S
II we describe thein situ BLS experiment and describe ho
it is used to quantify the anisotropy. Section III presen
details of the growth and structural characterization of o
films, while Sec. IV considers the variation of anisotro
with Fe thickness. Overlayer experiments are discusse
Sec. V, and then we conclude with a discussion of all of o
results in Sec. VI.

It is expected that bcc Fe will grow epitaxially on th
~100! face of fcc Ag since the lattice parameter of bulk F
~2.87 Å! is just 0.8% smaller than the nearest-neighbor se
ration in bulk Ag. Also Fe and Ag are known to be immi
cible in the bulk so limited interfacial diffusion is expecte
Since Fe has a surface energy roughly twice that of Ag,9,10

thermodynamic arguments suggest11 that Ag should wet Fe
but that Fe should not wet Ag. This ignores the inequiv
lence of different surface sites, such as those at step ed
and assumes that surface atoms can locate a minimum
ergy state. For growth at room temperature distinct bre
are seen in recorded Auger intensities12,13 for the first 3 ML
of Fe but the p~131! low-energy electron diffraction
~LEED! pattern is significantly broadened at 3 ML~Refs.
12–18! before reappearing for larger Fe thicknesses. O
LEED I (V) study16 suggested that ford,3 ML the LEED
pattern is due to exposed Ag while a second19 suggested tha
the pattern results from the Fe film ford>2 ML. Recently
Mössbauer spectroscopy has confirmed20 that the initial
growth of Fe is three dimensional and, while about 0.1 M
of Fe interdiffuses with the Ag substrate, no interdiffusio
occurs during the deposition of Ag onto Fe. Studies of Fe/
superlattices grown on Ag/NaCl~100! confirm that the Fe/Ag
and Ag/Fe interfaces are not identical and indicate a tetr
onal distortion of the Fe atoms at the interfaces.21 X-ray
photoelectron and Auger electron forward scattering22 also
suggest some initial interdiffusion for the growth of Fe o
Ag~100! that leads to the first few monolayers being high
5898 © 1997 The American Physical Society



on
e

0
-

Fe

ED
in
as

b
th
zl
n
e
e
ed
n

th
io
lin

al
l-
w
w
L
th
t
en
rn
de

o

no
ll

of

e
d

ti

em
lm

ro
lit

ist-
pin-

sot-

the
nd
end

and
nd

e/
tion
n

lm
te.
ot-

, of

rm
e
nt
ub-

to
re-

iven
ap-
red

ag-
of

tion

t if

r-
ady
e
lla-

at a
ur
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strained. Reflection high-energy electron-diffracti
~RHEED! patterns from Fe films are found to be broad
than those from a bulk Ag~100! substrate23 and Henzler
streak splittings indicate an island separation of about 6
on the Fe surface.24 The amplitude of the RHEED oscilla
tions is uncertain for the first 3 or 4 ML of Fe,20,25–27which
may occur if the step separation is less than 120 Å.24

Results from the homoepitaxial growth of Fe onto
whisker substrates may be relevant to Fe/Ag~100! once full
Fe coverage of the Ag is obtained. The amplitude of RHE
intensity oscillations was found to be a maximum at graz
incidence and at the anti-Bragg condition, but to decre
with increasing temperature and film thickness.28 Combined
scanning tunneling microscope and RHEED studies29,30have
shown that at room temperature up to 5 ML of Fe may
simultaneously exposed compared to 3 ML at 250 °C. In
latter case the RHEED patterns were sharper with no Hen
streak splitting and although the amplitude of the oscillatio
was reduced, they were less heavily damped. For temp
tures above 250 °C the Fe surface was observed to coars29

Following the surprising observation of highly damp
RHEED intensity oscillations for the growth of Fe o
Ag~100! at liquid-nitrogen temperature,31 transient surface
diffusion of Fe atoms31 and a ‘‘funneling down’’ growth
mechanism32,33 were proposed. Recent experiments34,35 at
various temperatures have yielded scaling relations for
size of the islands on the Fe surface, while recent simulat
take the effects of both step-edge barriers and funne
down into account.36

The growth of Fe on Ag differs from the homoepitaxi
growth of Fe in that interfacial diffusion may occur at e
evated growth temperatures. Photoemission studies sho
negligible interdiffusion for post-deposition annealing belo
200 °C,18,37but recent reports38 suggest that 0.2 and 1.2 M
thick layers of Ag may float on top of the Fe layer for grow
at room temperature and 250 °C, respectively. If the firs
ML of Fe is grown at room temperature then subsequ
growth at and above 410 K gives sharp RHEED patte
with no Henzler streak splitting and larger amplitu
RHEED intensity oscillations.24 While it was reported39 that
a 30 min post-deposition anneal at 150 °C sharpens b
RHEED and LEED patterns from Fe/Ag~100!, this was not
corroborated by annealing studies24 at up to 510 K. It seems
that even after the Ag is fully covered with Fe there is
growth temperature for which the Fe surface is atomica
flat although the use of surfactants such as oxygen19 has yet
to be fully explored.

Fe/Ag~100! is a model system for theoretical studies
magnetism in ultrathin films. Since thed bands of Fe and Ag
do not overlap and since the Agsp bands are only weakly
populated, Fe/Ag~100! is a close approximation to a fre
standing Fe film. Enhanced moments have been predicte
the Fe/vacuum and Fe/Ag interfaces,40,41 and observed for
Fe/Ag~100! structures capped with Ag, Au, Cu, and Pd.42–44

A quasilinear temperature dependence of the magnetiza
has been observed at low temperatures21,42–44due to the two-
dimensional nature of these structures while the Curie t
perature may depend upon the temperature at which the fi
are grown.45

Spin-polarized angle-resolved photoemission spect
copy studies15 showed that a 2.5 ML Fe film had a spin-sp
r
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electronic structure but no in-plane magnetization. The ex
ence of perpendicular magnetization was confirmed by s
polarized photoemission spectroscopy,37 and by Mössbauer
studies of Fe/Ag superlattices.46 The origin of the perpen-
dicular magnetization is the strong magnetic interface ani
ropy, values for which were calculated from first principles47

and measured by ferromagnetic resonance~FMR!.23 These
studies23 revealed that the surface anisotropy constant,
cubic anisotropy constant, and the FMR linewidth all depe
upon the film thickness. Indeed these quantities also dep
upon the substrate quality and the growth temperature45 with
maximum surface anisotropy constants of 0.96, 0.81,
0.47 erg/cm2 being reported for the Fe/vacuum, Fe/Ag, a
Fe/Au interfaces, respectively.3 A value of 0.8 erg/cm2 was
also observed at helium temperatures for Fe/Ag~100! super-
lattices grown on a Ag buffer layer on a GaAs~100!
substrate.48 The surface anisotropy constant for the F
vacuum interface can be increased by post-deposi
annealing39 but it is dramatically reduced by the adsorptio
of submonolayer quantities of oxygen.19 Real ultrathin films
generally have a tetragonal distortion normal to the fi
plane due to the imperfect lattice match with the substra
This leads to a modification of the magnetocrystalline anis
ropy such that two constants,K 1

i and K 1
' are required to

describe the in-plane and out-of-plane parts, respectively
the fourth-order volume anisotropy. For Fe/Ag~100! the field
associated with the perpendicular component, 2K 1

'/M , in
whichM is the magnetization, was found3 to change sign at
d513 ML, obtaining a value of20.8 kOe atd53 ML. The
in-plane component was found to have the fo
2K1

i /M5@0.55–2.5/d~Å!# kOe and to be insensitive to th
material used to cap the film, although if a layer of differe
material were placed between the Fe film and the Ag s
strate a significant change was observed.49

For the vacuum/Fe/Ag~100! structure the value ofd at
which the magnetization switches from the out-of-plane
the in-plane configuration at room temperature has been
ported to lie between 3 and 7 ML.13,19,39The critical thick-
ness for this reorientation phase transition~RPT! becomes
larger as the temperature is reduced. The RPT may be dr
by changes in either the temperature, film thickness, or
plied field strength, and theoretical studies have conside
the entropy50 and spin-wave spectrum51,52 of the system,
while renormalization-group53 and Monte Carlo techniques54

have been applied. For values ofd and T just below the
critical values there is an apparent loss of long-range m
netic order.39,55 This may be explained by the presence
stripe domains with perpendicular magnetization56–59 and
similar domains are to be expected when the magnetiza
is forced into the plane by an applied field.52 Calculations
have also predicted a canted state,60,61 but higher-order
anisotropies must also be taken into account.62 Clearly one
must fully characterize the magnetic anisotropy presen
one is to fully understand the RPT.

The effect of adding overlayers to magnetic films is cu
rently of great interest. Quantum well states have alre
been observed in Ag overlayers63 and they can cause th
magnetic susceptibility of the overlayer to have an osci
tory thickness dependence.64 There is evidence7 that overlay-
ers of Cr on Fe possess large magnetic moments and th
defect in the 2 ML period antiferromagnetic order may occ



f

a
ifi
of
o
o

1
re
ha
ls

th

m
la
.

ul-
u
uf
t a
ha
u
an
n
d
ov
th
w
ed
or
E

Fi
th
re
ht
ex
gn
ld
d
h
ew
de

he
py
u-
le
o

rm

e
e

ear-
ts

the
ue

e

fi-
d to
is

t-
der
ag-

f a
en
of

ns

y to
he
n of

ns

are
ith
the

5900 55R. J. HICKENet al.
within the first two ML of Cr at the interface. The effects o
interdiffusion65,66 and roughness of the Fe surface8 must
however be considered. The interface anisotropy is a qu
tity that is sensitive to both structural and electronic mod
cation of the surface. Experiments in which a few ML
materials such as Cu, Ag, Au, and Pd have been added t
films have shown that the interface anisotropy has a n
monotonic dependence upon the overlayer thickness with
extremum occurring for a coverage of approximately
ML,67–70 which is when the interfacial electronic structu
becomes established. It is an open question as to what
pens in the case of Fe rather than Co films, and we a
address this issue in this paper.

II. EXPERIMENT

An important feature of our ultrahigh vacuum~UHV!
deposition system is that the magnetic properties of
sample may be characterizedin situ, during growth, by
means of the magneto-optical Kerr effect~MOKE! and BLS.
Optical techniques are well suited for use in vacuum syste
and MOKE is rapidly becoming one of the most popu
techniques for thein situ evaluation of magnetic properties
There have however been fewer reports ofin situ BLS
studies71 probably because of three main technical diffic
ties that need to be overcome. First, the objective lens m
subtend a reasonably large solid angle at the sample if s
cient signal is to be obtained. Second, measurements a
stage in the growth must be performed quickly in order t
there is no significant contamination of the exposed film s
face. Third, the BLS apparatus is sensitive to both mech
cal vibrations and temperature variations of which a
vacuum system is a strong source. We have employe
design72 that overcomes these difficulties. Rather than m
ing the sample to a viewport for the BLS measurements,
objective lens is mounted in a reentrant tube on a bello
with a stepper motor drive which can be quickly mov
close to the main sample position where we can also perf
evaporation of two different materials, RHEED and MOK
measurements. A digital control system73 allows optimum
alignment of the interferometer to be quickly achieved.
nally, in order to achieve environmental isolation the grow
chamber and the BLS apparatus are located in diffe
rooms with a small hole in the laboratory wall allowing lig
to pass between the two. The magnet field for the BLS
periments is provided by a moveable Fe core electroma
with a single layer of coils that can provide a maximum fie
of 2.2 kOe. Longitudinal MOKE measurements are ma
with the same configuration of sample and magnet. T
MOKE beam enters and leaves the chamber through vi
ports that are well removed from the sample position in or
to avoid any field-dependent birefringence.

It is expected from the fourfold structural symmetry of t
Fe/Ag~100! system that the magnetic in-plane anisotro
will be predominantly fourfold and indeed from our accum
lated MOKE and BLS measurements we have been unab
resolve any significant uniaxial in-plane anisotropy comp
nent. If the Fe~100! film is uniformly magnetized then we
may write the magnetic free energy per unit area in the fo
n-
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in which ux , uy , and uz are the direction cosines of th
magnetizationM relative to the crystallographic axes of th
film, with the x axis being taken as the surface normal.H is
the applied magnetic field vector,K 1

i andK 1
' are the magne-

tocrystalline volume anisotropy constants as discussed
lier, andK s

(1) andK s
(2) are the surface anisotropy constan

for the two surfaces of the film. A factorD has been included
in the demagnetizing energy term to take into account
reduced demagnetizing field that occurs in ultrathin films d
to the discrete nature of the lattice. We have takenD to have
the form 120.425/N whereN is the thickness of the Fe film
in monolayers.3,74 We have not included a volume-typ
uniaxial perpendicular anisotropy energy in Eq.~1! because
this is believed to be small for Fe/Ag~100!.3

All of the films to be considered in this study are suf
ciently thin that the static magnetization can be considere
be uniform through the thickness of the film. In this case it
useful to define the effective demagnetizing field as

~4pM !eff54pDM24Ks /Md, ~2!

in which Ks5(K s
(1)1K s

(2))/2 is the average surface aniso
ropy constant. Normally the perpendicular second-or
uniaxial anisotropy energy dominates the fourth-order m
netocrystalline anisotropy terms so that if (4pM )eff.0 the
easy axis lies in the plane of the film. If in additionK 1

i
.0

~,0! then the in-planê001& ~^011&! axes are easy, giving
square hysteresis loops, while the^011& ~^001&! axes are hard
with saturation field equal to 2K 1

i /M . If the magnetization
lies in the film plane, perhaps because of the influence o
static applied field, as will be the case in this study, th
in-plane MOKE and BLS are sensitive only to the value
K 1

i and so from now on we will refer to the value ofK 1
i

simple asK1.
The BLS experiment is sensitive to spin-wave excitatio

of small but finite wave vector~;105 cm21!. In calculating
the relevant mode frequencies it is generally necessar
include the effects of dipolar interactions by solving t
magnetostatic Maxwell equations and the torque equatio
motion of the magnetization simultaneously.75 However for
ultrathin films one may approximate the dipolar interactio
with effective field terms in the torque equation.76 If we as-
sume that the magnetization and in-plane applied field
aligned, and this will be the case for our measurements w
the field applied parallel to the easy and hard axes, then
spin-wave frequency is given by

S v

g D 25FH1
2K1

M
cos~4w!12pDMkid1

2A

M
ki
2G

3FH1~4pM !eff1
K1

M
@11cos2~2w!#

22pDMkid1
2A

M
ki
2G , ~3!

in which v is the circular frequency,g is the gyromagnetic
ratio,w is the angle between the field and the@001# axis, and
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A is the exchange constant. The quantityki is the in-plane
component of the spin-wave vector which is equal
~2p/l!sinu, in which l55145 Å is the wavelength of the
Ar1 ion laser, andu547° is the angle at which the incomin
laser beam is incident upon the sample. The last term in e
of the square brackets on the right-hand side of Eq.~3! is due
to the exchange interaction, while the next to last term is
to the dipolar interactions.

Although enhanced moments and reduced Curie temp
tures may occur as discussed in the Introduction to this
per, we are not able to measure the Fe moment directly
ing our in situ experiments. In this study we assume that
room-temperature magnetization is thickness indepen
and equal to the bulk value of 1710 emu/cm3. The assump-
tion of a different value would lead to a simple rescaling
deduced anisotropy constants. All BLS calculations also
sume the bulk Fe values of 2.09 for theg factor and 231026

erg/cm forA, the exchange constant. We see then that
exchange field term in Eq.~3! has a value of 17 Oe, while th
dipolar term has a value of 128 Oe for a 10 ML thick film
These terms are non-negligible and cannot be ignored. H
ever by measuring the spin-wave frequency with the fi
applied parallel to the@001# and @011# in-plane axes, that is
with w50° and 45°, respectively, we may deduce the val
of bothK1 andKs for a particular value of the film thickness

III. GROWTH AND STRUCTURE

Growth studies have been carried out using two comm
cially obtained single-crystal Ag~100! substrates.77 The first
crystal, crystal 1, was mechanically polished to a 0.25mm
diamond paste and then chemically polished and electro
ished following the recipe used by Qiu, Person, and Bade39

The second crystal was mechanically polished to a 1mm
alumina paste and then electropolished.78 Once inside the
UHV chamber, cycles of 500 eV Ar1 ion sputtering and
annealing to 550 °C were used to initially clean the subst
and to remove the deposited film at the end of each gro
run. We observed that the RHEED patterns from crysta
were sharper than those from crystal 2 and that the RHE
pattern from crystal 1 became broader after repeated gro
runs, as will be described in the next section. This was p
sibly due to the different polishing procedures used. T
base pressure in the chamber prior to growth was better
2310210 mbar, typically rising to 5310210 mbar during
deposition. RHEED intensity oscillations were observed d
ing the homoepitaxial growth of Ag onto crystal 1 and al
during the growth of Fe onto crystal 2. This allowed us
calibrate a quartz crystal oscillator placed in the sample
sition and so, by correcting for the different densities,
calibrate the rate for other materials for which we did n
make a study of RHEED intensity oscillations. A depositi
rate of the order of 1 Å per minute was used for all growt
runs.

The design of the sample holder was such that we w
unable to simultaneously heat the substrate and perf
RHEED measurements. Deposition of the Fe, Ag, and
was carried out at ambient temperature~which we loosely
refer to as room temperature!, normally about 70 °C, which
we believe is sufficiently low that only limited interdiffusio
of the Fe and Ag should occur.18,20 RHEED patterns were
ch
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recorded by means of a CCD camera. In an earlier b
report79 we reported the growth of two 13.9 ML films o
crystal 1. Typical RHEED patterns obtained from the surfa
of a clean Ag crystal and a 13.9 ML Fe film were presen
in Fig. 1 of Ref. 79. These show that the substrate is flat
well ordered and confirm the epitaxial nature of the Fe fil

RHEED patterns were also obtained from Fe films bo
before and after post-deposition annealing but no signific
change was observed. RHEED intensity oscillations w
monitored by recording line profiles through the specu
RHEED spot as the film was grown. The plotted intens
corresponds to the height of a Gaussian fitted to the
profile. The RHEED beam was misaligned from the@001#
azimuth of the Ag substrate by about 5° so that Kikuchi lin
did not contribute to the specular spot intensity. Figure
shows the variation of the peak intensity of the specular s
during the deposition of Fe onto crystal 2, with the electr
beam incident at a grazing angle of about 0.15°. We see
there is a large initial transient and that clear oscillations
be observed once the film thickness exceeds a value of a
4 ML, as has been observed by other researchers.20,25–27It is
encouraging that these oscillations appear to be undam
but a detailed investigation of experimental factors such
beam stability, choice of position of line profile, and choi
of azimuth is required before they can be used to infer
growth mode of the Fe. RHEED intensity oscillations we
also observed in the first anti-Bragg position. Both the wid
and the peak intensity of the specular spot were found
oscillate as a function of the film thickness, although t
intensity oscillations were of smaller amplitude than tho
observed at grazing incidence.

LEED patterns were taken at different stages of
growth of the Fe film and recorded with a CCD came
Figure 2 shows the evolution of the intensity along a li
profile through the Fe~10! @Ag~10!# spot, for a growth on
crystal 2. This clearly shows that the diffraction pattern
weakest for an Fe thickness of a little over 3 ML, as pre
ously observed by other researchers.12–18 There was no ob-
servable splitting of either the LEED spots or the RHEE
streaks indicating a lack of correlation between step edge

FIG. 1. Intensity oscillations for the 15 keV RHEED specul
spot are plotted against deposition time for the growth of Fe
Ag~100! crystal 2. The RHEED beam was aligned some 5° from
in-plane^001& Fe azimuth at a grazing angle of 0.15°.
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FIG. 2. The intensity line scan through the 6
eV Fe~10! LEED spot is plotted as a function o
Fe thickness for the growth of Fe on Ag~100!
crystal 2. The inset shows how the line section
related to the full LEED pattern.
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to the final thickness used. It was found that line profi
through the LEED Fe~10! spots and RHEED~00! streaks
were well fitted by Gaussian and Lorentzian line shapes,
spectively. The widths of these curves can be related to
average terrace length on the surface of the film. Both
LEED and RHEED profiles showed a strong broadening
ter the deposition of about 3 ML of Fe before narrowi
again with further Fe deposition. From the shape of
LEED spots we estimate that the average step separation
approximately 80 Å for the Ag substrate, 25 Å after t
deposition of 3 ML of Fe, and again about 80 Å after t
deposition of 5 ML of Fe.

The profile of the LEED spots and RHEED streaks w
monitored during the deposition of Cr and Ag overlaye
onto 13.9 ML Fe films grown on crystal 2. Though the a
solute RHEED and LEED linewidths are not directly com
parable due to the very different geometries of the two te
niques, differences in the way the linewidth changes in e
technique may be significant. The deposition of Cr w
found to have little effect upon the RHEED and LEE
linewidths, the average step separation remaining at a v
of about 100 Å, as determined from the LEED, for that p
ticular growth run. The deposition of Ag was however fou
to have a qualitatively different effect. The RHEED lin
width was found to increase by a factor of about 3 with t
deposition of about 2 ML of Ag before returning to its orig
nal value for a Ag thickness of about 3 ML, after which
slowly increased again. On the other hand, the LEED li
width was found to remain constant for the first 3 ML of A
growth before then trebling in size, thus indicating a d
matic decrease in step separation or increase in defect
sity. It seems that the RHEED and LEED linewidths sho
opposite trends for the growth of Ag on Fe, while they a
similar for the growth of Fe on Ag. We believe that this m
be due to the different amount of intermixing and differe
sensitivities of the LEED and RHEED techniques. T
RHEED streaks break up in a manner indicative of a red
tion in long-range order. The RHEED spot width was me
sured across the specular spot and away from the anti-B
condition, so direct correlation with step width does not a
s
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ply. Since the lattice parameter of Cr is closely matched
that of Fe there will be far fewer dislocations in Cr overla
ers compared to Ag overlayers, where there is a signific
vertical lattice mismatch. While one would expect the d
fraction spot widths to be little changed by the growth of
on Fe, there might be a significant change for the growth
Ag on Fe. This is indeed what we see, although the reas
for the different evolution of the RHEED and LEED sp
widths for the Ag growth are complicated possibly being d
to differences in disorder on the different length scales o
which RHEED and LEED are sensitive.

IV. THICKNESS DEPENDENCE OF FE ANISOTROPY
AND PERPENDICULAR MAGNETIZATION

In order to investigate the thickness dependence of
magnetic anisotropy, BLS and MOKE measurements w
performed after the deposition of each monolayer of the
film. No magnetic signal was ever observed for values od
less than 3 ML, while the first magnetic signal was norma
observed whend was equal to either 3 or 4 ML, there bein
some variation between different growth runs. Figure
shows the MOKE loops obtained from two consecuti
growth runs on crystal 2 during which the sample orientat
was fixed so that the magnetic field was parallel first to
^001& and then second to â011& Fe axis. It is immediately
apparent that the two growth runs were not exactly equi
lent since the onset of ferromagnetic order appears to o
earlier for the run in which the field was applied parallel to
Fê 011& axis. We see that thê011& axis of the Fe become
increasingly hard asd is increased while the loop for th
^001& axis remains square as expected for an easy axis.

BLS data obtained from two growth runs on crystal,
which a 13.9 ML film was capped with a Cr overlayer, w
presented in Fig. 2 of Ref. 79. While we will discuss th
effect of the Cr overlayer later we note now that the mo
frequencies increase monotonically during the growth of
Fe layer, and that the difference between the easy@001# and
hard @011# axis frequencies also increases monotonica
The corresponding values of the anisotropy constantsK1 and
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Ks were calculated from Eq.~3!. The value ofKs is very
accurately determined for small values ofd and we expect
that it will be very sensitive to contamination of the bare
surface. In order to quantify this effect we prepared a 6.4
Fe film and measured the spin-wave frequency from the b
Fe surface as a function of time with the applied field para
to an Fê011& axis. The frequencies and the correspond
values ofKs , assuming a constant value of 105 erg/cm3 for
K1 are plotted in Fig. 4. All BLS measurements for a giv
film thickness are normally completed within 15–20 min a
ter deposition is suspended. We see then that the drif
frequency in this time is negligible and that the value ofKs
changes by a few percent at most. We therefore conc
that surface contamination effects play no significant role
our studies.

In Fig. 5 we have plotted the values ofK1 andKs calcu-
lated for 12 different growth runs as a function ofd. The
error bars shown in Fig. 5 correspond simply to the wo
case combination of the hard- and easy-axis frequency e
and as such constitute maximum possible errors in the
isotropy constants. Of course these error bars are only m
ingful within the assumptions of the simple model that lea

FIG. 3. The evolution of the MOKE hysteresis loop during t
growth of Fe on Ag~100! crystal 2 is shown. The left and righ
columns contain data from two separate growth runs in which
magnetic field was applied parallel to the Fe^001& and ^011& axes,
respectively. The loops were normalized by scaling the 14 ML lo
in each growth run so that its saturation levels were61 and then
applying the same scale factor to the other loops. This corre
maintains the relative amplitude of each loop.
L
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to Eq.~3!. The data in Fig. 5 is seen to fall into two sets. T
first set contains the first seven~chronologically ordered!
growth runs performed on crystal 1, while the second
contains the last three runs performed on crystal 1, one

e

p

ly

FIG. 4. The measured spin-wave frequencies and the co
sponding values ofKs , assumingK15105 erg/cm3, are plotted as a
function of the time after the completion of the growth of a 6.4 M
Fe film on Ag~100! crystal 1.

FIG. 5. The values ofKs andK1 obtained from 12 growth runs
are plotted against the Fe thicknessd, in ~a! and ~b!, respectively.
The closed circles represent data from the first seven growth
on crystal 1. In~a! the open circles, closed squares, and clos
triangles represent three further growth runs on crystal 1, while
open squares and open triangles represent growth runs
Ag/GaAs~100! and Ag~100! crystal 2, respectively. For the sake o
clarity these five runs are all represented by open circles in~b!.
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performed on crystal 2, and one run performed on a
buffer layer that was grown on a GaAs~100! substrate ac-
cording to a recipe that has been described previously.80 Dur-
ing the seventh growth run on crystal 1 a 40 ML Fe film was
grown, whereas previously the Fe thickness had never
ceeded 14 ML. We observed a systematic difference in
RHEED patterns obtained from the bare crystal 1 before
after the seventh run, examples of which are shown in Fig
For the patterns recorded after the seventh run the$10%
RHEED spots are less sharp, while their intensity has
creased relative to that of the specular spot. After the sev
run we see from Fig. 5 that the maximum value ofKs ob-
tained during a growth is reduced while the value ofKs is
seen to decrease for large values ofd. The value ofK1 is
larger for small values ofd after the seventh run but for larg
values ofd there seems to be little difference between
two sets of data. We will discuss in Sec. VI how the
changes in the values of the anisotropy constants may
explained by an increase in the number of defects on
Ag~100! surface after the deposition and removal by sput
ing of the 40 ML Fe film. The fact that the results from th
growth run performed on crystal 2 are similar to those o
tained after the seventh growth run on crystal 1 is not un
pected, since inferior RHEED patterns were obtained fr
crystal 2. Within the first seven growth runs on crystal 1
was found that there was some scatter in the BLS frequen
measured at small Fe thicknesses, but that for larger th
nesses these frequencies were highly reproducible. For
second set of data we have used different symbols in
5~a! to differentiate between the different growth runs b
cause then it can be seen that within each growth run, fo
thicknesses greater than about 7 ML, the value ofKs appears
to decrease linearly with increasing Fe thickness.

A limited number of growths were performed with su
strate temperatures of up to 200 °C but as mentioned pr
ously we were unable to simultaneously obtain RHEED p
terns from the Fe surface. A few BLS measurements w
performed but it is difficult to relate these to our room
temperature measurements since the temperature depen

FIG. 6. RHEED patterns from crystal 1 are shown~a! before
and~b! after the seventh growth run in which a 40 ML Fe film w
deposited. The 15 keV electron beam was parallel to the azim
indicated in the figure. A grazing angle of approximately 1° w
used.
g

x-
e
d
6.

e-
th

e

be
e
r-

-
-

t
ies
k-
he
g.
-
e

i-
t-
re

nce

of the magnetization and anisotropy in our samples is
presently known. Furthermore cooling to room temperat
is a slow process and surface contamination may affect B
measurements performed once the substrate has cooled.
measurements were performed during an annealing treatm
of a sample that had been grown at room temperature.
substrate temperature was increased to a maximum valu
200 °C and then allowed to fall slowly back to room tem
perature, the entire cycle taking some 4 h tocomplete. The
final room-temperature value ofKs for the uncoated Fe film
was found to be some 10% larger than the initial value. Si
from Fig. 4 surface contamination is expected to have
opposite effect we might conclude that the annealing tre
ment has a beneficial effect upon the film structure and he
the surface anisotropy constant, as reported by Qiu, Per
and Bader,39 even though we could observe no noticeab
change in the RHEED patterns. Alternatively it is possib
that the annealing treatment promotes further interdiffus
at the Fe/Ag interface, hence reducing the magnetic th
ness of the film and leading to an apparent increase in
value ofKs . Post-deposition annealing of Fe films grown
room temperature has been reported38 to give flatter films
than growth at elevated temperatures, which in turn are fl
ter than an unannealed room-temperature growth.

V. OVERLAYER EXPERIMENTS

In Fig. 5 we presented results for the dependence of
anisotropy constants of the Fe film upon its thickness. Ho
ever these growth runs were often terminated by adding
overlayer of a different material to the completed Fe fil
We now consider experiments of this type that were p
formed before the seventh growth run on crystal 1, that
before the RHEED patterns from the Ag substrate were
served to deteriorate. Figure 2 of Ref. 79 showed the ef
of capping a 13.9 ML Fe film with Cr. Both the easy- an
hard-axis frequencies show a small dip with the initial dep
sition of Cr and this leads to a small peak inKs at this point.
The deposition of Cr also seems to lead to a significant
crease in the value ofK1. However, for a Fe film that was
approximately 15 ML thick~the thickness is uncertain be
cause the Fe rate became unstable during the growth!, the
deposition of Cr was again found to produce a peak in
calculated value ofKs but no increase in the value ofK1 was
observed. We therefore believe that the initial peak in
value ofKs is a reproducible effect, while the apparent e
hancement in the value ofK1 shown in Fig. 2 of Ref. 79 is
probably an artifact produced by the pasting together of
two data sets.

Figure 3 of Ref. 79 showed the spin-wave frequenc
measured during a growth run in which Ag was deposi
onto a 13.9 ML Fe film. The values of the calculated anis
ropy constants were again shown and the spin-wave
quency and hence the anisotropy constants vary monot
cally as the thickness of the Ag overlayer is increas
Overlayers were also added to somewhat thinner Fe fil
Figure 7 shows the effect of adding a Cr overlayer to a
ML Fe film, while in Fig. 8 a 6 ML Fe film wascapped with
a Ag overlayer. In this case both Cr and Ag deposition le
to a monotonic decrease in the value ofKs , while the value
of K1 again shows no significant change as the overlaye

th
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added. We note that the changes inKs produced by the over
layers are larger in absolute terms and also as a percenta
the initial Ks value for the case thatd'6 ML than for the
case thatd513.9 ML. However when an overlayer of A
was added to a 3.2 ML Fe film the decrease inKs was found
to be much smaller being about 6% of the initial value
0.43 erg/cm2. This is consistent with the presence of A
atoms at the upper surface of the Fe film for this thickne

VI. DISCUSSION

For very small Fe thicknesses our LEED observations
in agreement with those of other researchers and imply
full Fe coverage of the Ag is not achieved untild>3 ML.
The absence of any magnetic signal here may be bec
first, intermixing of the Fe and Ag has reduced the Fe m
ment; second, that our samples are paramagnetic or su
paramagnetic at room temperature; or third, that the sam
magnetization lies perpendicular to the plane of the film.
the latter case, an in-plane applied field should cant the m
netization towards the film plane. For a single-domain st
one would expect to observe a well defined spin-wave m
in the BLS experiment, as has been observed for the cas
Fe/Cu~100!,81 and a MOKE signal due mainly to the pola
Kerr effect which is much stronger82 than the longitudinal
Kerr effect. However there is now both experimental62 and
theoretical59 support for the existence of a fine scale dom
structure in the vicinity of the RPT. Since the laser spot s
is 1–2 mm in the MOKE experiment we would therefo
expect no net signal. Also we would expect the modes

FIG. 7. ~a! Values of the surface anisotropy constantKs and the
cubic anisotropy constantK1 calculated from the data in~b! are
shown.~b! The easy- and hard-axis BLS frequencies measure
an experiment in which a 6.4 ML Fe film grown on crystal 1 w
capped with Cr are plotted. The frequency error bars are sm
than the symbols used.
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served by BLS to be significantly broadened if the dom
size were less than the micron scale spin-wave wavelen
We have calculated the effective demagnetizing field giv
in Eq. ~2! from our BLS data and find that this quantity
approximately zero and sometimes slightly negative whe
spin-wave mode is first observed. Since we are prese
only able to apply a magnetic field parallel to the plane of
sample we are unable to sweep out a perpendicular dom
structure and we believe that such a structure is respons
for the absence of a magnetic signal at this point in o
experiments.

Let us next compare the values ofK1 and Ks obtained
from the first seven growth runs performed upon crysta
with those obtained by other authors. The solid curve plot
in Fig. 5 corresponds to the form 2K1/M5(0.55–2.5/N) for
the in-plane fourfold anisotropy field~measured in kOe! in
whichN is the number of Fe monolayers. This is the best
form given by Heinrich and Cochran3 and it can be seen to
be in rather good agreement with our data when we cons
that the points in Fig. 5 that lie off the curve correspond
the region in which two data sets have been pasted toge
We cannot conclusively say thatK1 becomes negative for F
thicknesses less than 5 ML although the trend of our d
suggests that this might occur. Also from our collected e
perimental data we have no strong evidence that the valu
K1 is affected by overlayers of either Ag or Cr which is aga
consistent with the findings of Heinrich and Cochran.3 From
Fig. 5 we see that the value ofKs is strongly thickness de
pendent for small values ofd, before obtaining its maximum
value at aboutd510 ML, while it varies much less for large

in

er

FIG. 8. ~a! Values of the surface anisotropy constantKs and the
cubic anisotropy constantK1 calculated from the data in~b! are
shown.~b! The easy- and hard-axis BLS frequencies measure
an experiment in which 6.0 ML Fe film grown on crystal 1 wa
capped with Ag are plotted. The frequency error bars are sma
than the symbols used.
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Fe thicknesses as previously seen.3 Heinrich and Cochran3

reportedKs values of 0.81 and 0.96 erg/cm2 for the Fe/Ag
and Fe/vacuum interfaces, respectively, which imply an
erage value of 0.89 erg/cm2 for an Fe film with one Ag and
one vacuum interface. From Fig. 5 we see that the maxim
value ofKs of 0.86 erg/cm

2 measured for a 30 ML Fe thick
ness comes close to this value but that in general our va
are somewhat smaller than this.

We now consider the second set of data in Fig. 5. We
that the rate of decrease of the value ofKs for d.7 ML is
actually rather similar for the different growth runs in this s
although they are clearly offset vertically with respect to o
another. The linear dependence ofKs upon d suggests the
presence of an easy plane uniaxial perpendicular volume
isotropy field, the strength of which is approximately 4 kO
This is much larger than the 0.8 kOe magnetoelastic ani
ropy field that was calculated by assuming a vertical str
given by the Poisson’s ratio for bulk Fe.49 While the values
of Ks in the second set of data are reduced relative to thos
the first set of data, the values ofK1 are clearly enhanced
The RHEED patterns in Fig. 6 clearly show that the surfa
of the Ag substrate was flatter for the first set of data and
therefore expect that the films in the first set were of supe
structural quality. A possible explanation for the differen
in the magnetic properties between our two sets of data
be found in studies of bcc Ni films25 in which a network of
line defects with fourfold symmetry was found to induce
large in-plane fourfold anisotropy and also a perpendicu
uniaxial anisotropy. For the second set of data we sug
that first, the films were rougher, leading to a reduction in
maximum value ofKs , and second, that defects in the film
have contributed to both an increase in the value ofK1 and
also to a perpendicular uniaxial volume anisotropy.

Let us now consider the results of overlayer experime
performed upon films from the first set of data in Fig.
From Fig. 3 of Ref. 79 we see that approximately 3 ML
Ag must be deposited onto a 13.9 ML Fe film before t
value of Ks becomes saturated at about 0.56 erg/cm2. We
note that 3 ML of Ag were also required for the RHEE
linewidth to narrow which suggests that the gradual cha
in Ks may be related to the growth mode of the Ag rath
than being a purely electronic effect. If we assume that
upper and lower Fe/Ag interfaces are identical in terms
their surface anisotropy constant, and this need not be
case, then we deduce surface anisotropy values of
erg/cm2 for the Fe/Ag interface and 0.84 erg/cm2 for the
Fe/vacuum interface which are again somewhat smaller
those reported by Heinrich and Cochran.3 From Fig. 2 of
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Ref. 79 we see that, with the deposition of Cr, the value
Ks increases from a value of about 0.71 to 0.77 erg/c2

before decreasing to 0.61 erg/cm2. This nonmonotonic be-
havior of Ks corresponds to the small dip seen in both t
hard- and easy-axis spin-wave frequencies, which has b
observed repeatedly in our BLS experiments. Our structu
studies show that the LEED and RHEED linewidths are n
greatly affected by the deposition of Cr onto Fe, suggest
that the surface of the film is not roughened as Cr is dep
ited. The nonmonotonic variation ofKs may therefore be
associated with an antiferromagnetic ordering of success
layers of Cr moments in the first few ML of Cr. This order
however expected to be quickly frustrated with increasing
thickness due to the influence of interfacial roughness.8 The
results of capping experiments performed on thinner Fe l
ers, shown in Figs. 7 and 8, are qualitatively similar to tho
just discussed except that a monotonic evolution ofKs is
now observed in the Cr capping experiment. At present i
unclear why a different behavior should be observed. T
might be due to the different role played by quantum w
states for the two Fe layer thicknesses. Alternatively the d
ference in the magnetic properties may be due to a differe
in structure. However the LEED and RHEED linewidths fo
the completed Fe surface were not noticeably different
the two Fe thicknesses used which would indicate the se
tivity of magnetic properties to minor changes in structure

In conclusion we have shown that the values of the a
isotropy constantsK1 and Ks in Fe/Ag~100! films are
strongly dependent upon the Fe layer thickness and that
are also highly sensitive in different ways to the surface qu
ity of the Ag substrate. Indeed the thickness dependenc
Ks has been shown to be qualitatively different for growth
inferior substrates. Capping experiments have shown
while the value ofK1 is insensitive to the presence of th
capping material, the value ofKs is strongly affected with its
value saturating after the deposition of about 3 ML of ove
layer. Furthermore, Ag and Cr capping layers have be
shown to have a qualitatively different effect upon the val
of Ks . We suggest that the nonmonotonic dependence ofKs
upon the thickness of a Cr overlayer may be due to magn
order within the Cr. Further experiments are now required
quantify the exact relationship between structure and mag
tism in these structures.
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