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The effective anisotropy fields,Heff , of Fe films of 2 to 15 monolayers thick grown on Cu~001! were
measured at 100 K for two growth conditions; 100 K growth with a room temperature anneal and room-
temperature growth. First-order anisotropy constants,Kv andKs , are derived for the thickness independent
anisotropy energy term and the thickness dependent anisotropy energy term, respectively. For 100 K growth,
Kv for the glide-distorted fcc Fe film is two orders of magnitude larger than for the bcc Fe film and.30 times
larger than for bulk bcc Fe. The fcc film hasKs50.26 ergs/cm2, compared to 0.94 ergs/cm2 for the bcc Fe
film. The perpendicular easy axis in the glide-distorted fcc Fe, for either growth temperature, is observed only
because bothKv andKs result in large perpendicular anisotropy energies. A conversion to an in-plane easy axis
occurs as the thickness dependent anisotropy energy decreases with increasing Fe thickness in the bcc phase
and is not directly a result of the phase transformation to bcc Fe. Room-temperature growth gives similar
anisotropy constants.

I. INTRODUCTION

The desire to grow ferromagnetic, fcc Fe has stimulated a
tremendous number of experimental studies of Fe growth on
Cu~001!. The complex atomic structure of ultrathin fcc Fe
films,1–4 the variations observed with growth conditions,5

and the variety of magnetic states in these films5,6 has made
clarification of the origin of the ferromagnetism and its rela-
tionship to atomic structure an extremely demanding chal-
lenge. Only recently has the atomic structure been deter-
mined in enough detail to show that the ferromagnetism in
fcc Fe films is directly related to a glide reconstruction of the
fcc Fe along^110& directions.2,4,5 These distortions of the
lattice are similar, although of smaller magnitude, to the
atomic shear which occurs during the martensitic fcc-bcc
phase transformation at higher Fe coverages.7 An unrecon-
structed Fe fcc lattice does not form on the Cu~001! substrate
for low-temperature growth. For room-temperature~RT!
growth, fcc Fe does form for Fe coverages between 5 and
;9 monolayers~ML !, but even these Fe films have a^110&
glide reconstruction at the surface. Concurrent with the glide
distortions are atom layer expansions normal to the film of
about 6% in each glide-distorted layer. Additionally, the
glide-distorted fcc Fe layers are nonpseudomorphic with the
Cu~001! substrate,4,8 although there may still be residual
strain as indicated by the atomic disorder observed in the
Cu.4 An explanation of the observed ferromagnetism in fcc
Fe consistent with theory9 is that it is associated with the
increased atomic volume of the Fe participating in the glide
distortion relative to perfect fcc Fe.

In addition to the magnetic moment and the magnetic
coupling state, the magnetic anisotropy is a fundamental
property of all magnetic materials. The easy axis of magne-
tization in Fe/Cu~001! films was one of the first magnetic
properties to be measured for these films.10 However, a quan-
titative evaluation of the anisotropy energies and the relation-
ship of the anisotropy to atomic structure has not been fully
explored. The anisotropy can be quantified from analysis of
the total energy of a magnetic film in an external applied
field, H, assuming uniaxial anisotropy, according to

E5const1@2pMs
22K1#sin

2u1K2sin
4u2MsHcos~a2u!,

~1!

where 2pMs
2 is the shape anisotropy in the thin-film limit,

Ms is the saturation magnetization,K1 is the first-order an-
isotropy constant,K2 is the second-order anisotropy con-
stant,u is the angle between the easy axis andMs , anda is
the angle betweenH and the easy axis. The last term in Eq.
~1! is the magnetic potential energy or Zeeman energy. Mini-
mization of the total energy with respect tou results in an
expression for the effective anisotropy field, a measurable
quantity:

Heff54pMs2
2K1

Ms
. ~2!

For ultrathin-film studies,K1 is often redefined as a combi-
nation of a constant for the thickness-independent anisotropy,
Kv , often called the volume anisotropy constant, and a con-
stant for the thickness-dependent anisotropy,Ks , often called
the surface-interface anisotropy constant, according to

K15Kv1
2Ks

t
, ~3!

where t is the thickness of the magnetic film. The atomic
structure of the magnetic film has a large influence on both
Kv and Ks through crystalline anisotropies, internal film
strain, and the formation of interfaces or a surface. As re-
cently discussed for Ni on Cu~001!,11 lattice strain in the
magnetic film due to epitaxy or to reconstructions can be
important in determining the easy axis of magnetization. At
the same time a breakdown of pseudomorphic growth, above
some critical thickness, will gradually release the lattice
strain with increasing thickness through the formation of dis-
locations or other lattice defects. This can lead to a
thickness-dependent anisotropy that has its origin in the vol-
ume of the film rather than the surface.12 Until the atomic

PHYSICAL REVIEW B 1 MARCH 1996-IVOLUME 53, NUMBER 9

530163-1829/96/53~9!/5563~7!/$10.00 5563 © 1996 The American Physical Society



structure of a magnetic thin film is known, it is very difficult
to obtain good values of the anisotropy constants and to pro-
ceed to the next step of rationalizing the magnitude of these
constants.

The objective of this paper is to present a determination of
the anisotropy constants for Fe films grown on Cu~001! us-
ing magneto-optic Kerr effect~MOKE! techniques and to put
these results in the context of the newly determined atomic
structures of the Fe films. We first describe the experimental
method and the MOKE analysis method. This is followed by
comparison of the results to other studies and a discussion of
the possible relationship between the anisotropy and the
atomic structure.

II. EXPERIMENT

The Fe films were grown on a Cu~001! single crystal in an
UHV experimental station where structural characterization
of the films is done with medium-energy ion scattering
~MEIS! and the magnetic characterization is done using
MOKE in the polar geometry. The instrument is described
more completely elsewhere.13 The Cu~001! crystal was
cleaned by cycles of Ne sputtering~1700 eV, 1mA, 300 K!
and annealing to 1000 K. The surface contamination of the
Cu and the Fe was checked by x-ray photoemission which
showed that there was less than 1% atomic of C or O, the
only contaminants observed. The Fe was deposited at;1
ML/min from ane-beam heated Fe source and the coverage
was determined by a quartz crystal monitor which was cali-
brated by MEIS for coverages between 1 and 3 ML. The
absolute accuracy of the 3 ML determination is60.2 ML,
with higher coverages having610% uncertainty. Fe films
were grown at 100 K and at RT. The 100 K grown films were
usually annealed to RT briefly before taking either MOKE or
MEIS measurements, although some unannealed samples
were examined. All MOKE and MEIS measurements were
taken with the Fe films at 100 K. The glide-distorted fcc and
bcc Fe films have Curie temperatures above RT. Thus,Ms
values for these films should be close toMs at zero tempera-
ture. The MOKE apparatus, using 633 nm light, allows hys-
teresis loops to be taken in two polar geometries. The first of
these is the standard polar setup, where the sample normal is
aligned with the axis of the applied field. This geometry was
used to obtain the Kerr ellipticity at magnetic saturation
when the easy axis is either perpendicular to the film or in
the film plane. Saturation in the latter case is achieved by
applying a large enoughH to rotate the magnetic moment
from in-plane to perpendicular. The largest value ofH
needed to rotate the moment is of the order of 4pMs , which
for bcc Fe at 100 K is 2.2 T and is within the range of the
insitu 3 T superconducting, split coil solenoid. The value of
H at the point where the moment is saturated along the hard
axis for the case of the easy axis being in plane,a590°, is
equal toHeff whenK2 is small. WithH normal to the film
any anisotropy between crystal directions within the film
plane is undetected by this method. At the same time it will
not affect the results presented here. In the second polar ge-
ometry the sample normal is rotated by;65° with respect to
the field axis of the solenoid,a565°. The Kerr optics are set
up for near normal incidence and reflection, so that at low
applied fields the normal square hysteresis loop is measured,

for the case of the easy axis perpendicular to the film. AsH
is increased to higher field values the uniaxial moment ro-
tates toward the field axis and the Kerr ellipticity is reduced
from the saturation value by the cosu. This reduction in the
Kerr ellipticity with increasingH following saturation is
shown in Fig. 1 for several Fe coverages for 100 K~an-
nealed! growth. Note that the data are vertically shifted in
Fig. 1 for clarity and the plotted changes in ellipticity versus
H are normalized to 1.0 in each case. Following standard
analysis of Eqs.~1!–~3! for a565°,14 Heff for films with
perpendicular easy axis is obtained. The lines through the
Kerr ellipticity data are the best-fit results from this analysis
when K2 in Eq. ~1! is assumed zero. Analysis was done
including a nonzeroK2 as a parameter. At low coverage~see
upper data in Fig. 1!, the uncertainties in the raw data do not
allow meaningful determinations of these anisotropy terms.
At Fe coverages near the spin reorientation, the value of the
second-order anisotropy field was,15% ofHeff . We only
report results forK2 assumed to be zero. Note that when
Heff,0, the easy axis is perpendicular to the film and when
Heff.0, there is an in-plane easy axis. From Eq.~2! Heff can
only be negative whenKv and/orKs are positive, i.e., per-
pendicular anisotropy constants.

III. RESULTS AND DISCUSSION

A. Growth at 100 K

The values ofHeff determined using the above methods,
as a function of Fe coverage are presented in Fig. 2. There
are two distinct regions corresponding to dramatically differ-
ent magnetic anisotropies. The region whereHeff varies more
slowly with 1/~Fe thickness! is the coverage range where the
atomic structure is known to be glide-distorted fcc Fe. The
more rapidly varying region correlates with the presence of
bcc Fe. The vertical dashed line near 1/~Fe thickness! of 0.29
indicates the Fe coverage where MEIS blocking curves begin

FIG. 1. Raw polar Kerr ellipticity data for Fe films of the indi-
cated coverages for the Kerr setup with the angle betweenH and
the sample normal at;65°. The normalized data~shifted for clar-
ity! show the reduction of the Kerr signal as the non-normal applied
field causes the moment to rotate away from the film’s normal. The
solid curves are best fits to the data assuming a uniaxial anisotropy
model and with the second-order and higher components set to
zero.
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to show structural changes due to the initiation of the fcc-to-
bcc phase change. The dashed vertical line at 0.16 indicates
the coverage where the phase change to bcc Fe is complete.
There is a marked change in the slope ofHeff versus 1/~Fe
thickness! at the onset of the fcc-to-bcc phase change, indi-
cating a large change in the thickness-dependent component
of anisotropy. The changes in the intercepts of the linear
segments indicate large changes in the thickness-independent
component of anisotropy. As the phase change continues to
completion there are additional small changes in the anisot-
ropy. The most likely explanation for this is a significant,
almost abrupt, change in the overall strain state and/or the
elastic properties of the film at the beginning of the transfor-
mation. This abrupt behavior suggests that the phase change
does not start or nucleate in localized regions, but proceeds
simultaneously throughout the entire film with an extension
and reorganization of the glide distortion of the fcc lattice
into the new bcc lattice. During the transformation the film
has transitional structures which have magnetic anisotropy
similar to the final bcc Fe structural phase. In contrast to this
inferred behavior for the 100 K Fe growth, scanning tunnel-
ing microscopy~STM! results7,15 and our Kerr results indi-
cate that the fcc-to-bcc phase transformation for RT growth
proceeds via the nucleation of bcc regions which grow with
increasing Fe coverage. Note that the crossover from a per-
pendicular to an in-plane easy axis takes place after the an-
isotropy constants of the film have already changed to those
for the bcc film.

Since linear segments are apparent for both structural
phases a slope and an intercept can be determined, where the

slope is related toKs and the intercept toKv through Eqs.~2!
and~3!. Values of the slopes and intercepts are given in Table
I. In order to deriveKs andKv from these values, an estimate
of Ms must be obtained for these films. Figure 3 shows the
polar MOKE ellipticity signal at magnetic saturation normal-
ized by the Fe thickness plotted versus the Fe thickness. Due
to the use of a single MOKE geometry over the entire cov-
erage range, the glide-distorted fcc Fe film Kerr signal can be
directly compared to the bcc Fe film signals, independent of
the magnetic easy axis. By 14 ML Fe, the Fe film is expected
to have nearly the bulk Fe magnetic moment.16 As seen in
Fig. 3, the variation of the Kerr signal with the Fe thickness
is less than65% of the average over the range examined.
While the Kerr signal is proportional to the magnetic mo-
ment, the proportionality is also effected by the atomic struc-
ture and the film thickness through subtle changes in the
electronic structure. Although not known in detail, simple
modeling using bcc Fe optical constants suggests that the
film thickness does not alter the proportionality below 15
ML. The effect of the phase transformation on the propor-
tionality is not as clear. However, an assumption that the
magnetic moment is approximately constant at all coverages
from 2 ML to 14 ML and equal to 1737emu/cm3, the bulk
bcc Fe moment, should be accurate enough for the present
discussion, given the uncertainties in determiningH eff . An
error by as much as 30% inMs does not affect the basic
conclusions of this paper.

Estimates ofKv andKs for both the bcc Fe films and the
glide-distorted fcc Fe films are given in Table I. The values

FIG. 2. Plot of Heff vs 1/~Fe thickness! for Fe films grown
on Cu~100! at 100 K and annealed to RT~solid circles!. The lines
are least-squares linear fits to the data in two regions. The
open circles are for Fe films prior to annealing. The dashed vertical
lines mark the onset and completion of the fcc-to-bcc transforma-
tion.

TABLE I. Anisotropy results for Fe on Cu~100! grown at 100 K and annealed to RT.

(4pMs22Kv /Ms) ~kOe! Kv ~ergs/cm3) 4Ks /Ms ~kOe cm! Ks ~ergs/cm2)

Glide distorted
fcc Fe on Cu~001! 0.765 1.860.63107 6.06231024 0.2660.09
bcc Fe~110! on Cu~100! 21.760.2 1633105 21.660.631024 0.9460.14
Bulk bcc Fe~001! ~Ref. 17! 5.53105

FIG. 3. Plot of the relative polar Kerr ellipticity at magnetic
saturation normalized by the Fe film thickness as a function of the
Fe film thickness for Fe films grown at 100 K and annealed to RT.
The dashed vertical lines mark the onset and completion of the
fcc-to-bcc transformation.
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of Kv can be compared to the bulk value for Fe of
5.53105 ergs/cm3.17 Kv for the bcc Fe film is smaller at
13105 ergs/cm3 and is directed along the film normal,
^110&, rather than â100& direction as in the bulk, which may
indicate some residual strain in the bcc film. However, the
thickness-independent anisotropy, in this case, is dominated
by the large shape anisotropy which makes the uncertainty in
Kv so large that the direction of this anisotropy is uncertain.
In either case, this term contributes very little to the total
anisotropy energy. For the glide-distorted fcc Fe
Kv51.83107 ergs/cm3, which is more than 30 times larger
than for bulk bcc Fe. This is an extremely large value for
Kv and contributes a perpendicular anisotropy unlikeKv in
bulk bcc Fe. This anisotropy must be magnetoelastic in ori-
gin and related to strain caused by the;6% expansion of
the fcc Fe layers normal to the Fe film and the shear of the
associated glide distortion. Magnetoelastic constants for fcc
Fe are now known, as fcc Fe is not normally ferromagnetic.
Thus, a prediction of the strain-induced anisotropy based on
fcc Fe cannot currently be made. Nevertheless, for the sake
of comparison, a coarse estimate of the magnetoelastic an-
isotropy constant for bcc Fe for an average 6% normal strain
gives 1.83106 ergs/cm3 according to

Kv
e5

3

2
l100~c112c12!e, ~4!

as defined by Chikazumi,18 wherel100 is a magnetoelastic
constant for bcc Fe,c11 andc12 are elastic stiffness constants
for bcc Fe, ande is the normal strain. This estimate ofKv

e is
a factor of 10 smaller than the measured value for the glide-
distorted fcc Fe. Equation~4! neglects any effect of the in-
plane shear strain on the perpendicular anisotropy, and this
would be important if the in-plane magnetoelastic constant is
negative.18 Obviously, larger values forl100 and/or
c112c12 would help negate the discrepancy. Actually, there
is evidence from extended x-ray-absorption fine-structure
~EXAFS! measurements of Magnanet al.8 that there are
greatly enhanced elastic constants for glide-distorted fcc Fe
relative to undistorted fcc Fe. They infer large interlayer
force constants for 3.5 ML Fe on Cu~001! at RT based on the
very small variation of the Debye-Waller factor with chang-
ing film temperature. Our 100 K~annealed! grown Fe films
have a very similar structure to the RT grown films at this
coverage.4 Thus, the extraordinarily high value forKv found
here could have its origin in and is in qualitative agreement
with the large interlayer force constants found by EXAFS.
Unfortunately, phonon dispersion curves obtained by Daum
et al.19 for Fe films on Cu~001! are not really consistent with
large interlayer force constants, however their Fe coverage
was miscalibrated making the reported coverage low by a
factor of 2–3, which may, if properly accounted for, clear up
the discrepancy with the EXAFS result. Neither of these
prior studies accounted for the (531) glide distortion in
their analyses, which could also impact their data interpreta-
tions.

The phase transformation from fcc-to-bcc reducesKv by a
factor of.100. This large reduction is apparently coupled to
the release of Fe lattice strain during formation of the new
bcc lattice, according to the structural evidence. This is con-
sistent with MEIS measurements which show considerable

atomic disorder in the Cu substrate and which, therefore,
suggest that much of the Fe/Cu interfacial strain resides in
the Cu.4

The thickness-dependent anisotropy constants given in
Table I are averages for the interfaces, Cu/Fe and Fe/
vacuum, and for any volume contribution to the thickness
dependence. The phase transformation from fcc-to-bcc
causesKs to increase by a factor of 3.6. Associated with the
phase transformation is an increase in the Fe in-plane areal
density of about 9% and a 5% increase in layer spacing
throughout the film. There are bcc Fe domains with four
different orientations on the Cu fcc substrate,7 and the Fe is
nonpseudomorphic with the Cu. Additionally, the roughness
of the Cu/Fe interface increases as reflected by an increase in
the MEIS ion scattering yield from Cu following the phase
transformation,4 however there is negligible interdiffusion
for 100 K growth of Fe. The surface topography of the Fe
cannot be examined by MEIS, but STM studies show that the
bcc Fe becomes rough during growth.20 Even though such
structural changes must be the origin of the increase inKs ,
neither first-principles theoretical calculations of magnetic
anisotropy21 nor phenomenological theories of aniso-
tropy22,23 provide an explanation of whyKs behaves as it
does in this particular case.

The value ofKs for the fcc Fe phase is about a factor of 2
lower than previously reported FMR measurements for Cu/
Fe/Cu sandwiches.24 This difference may be partially attrib-
uted to the Fe film having two Fe/Cu interfaces in the previ-
ous study, whereas there is one each, Fe/Cu and Fe/vacuum,
in the present study. On the other hand, the origin for this
discrepancy could be the different treatment ofKv . In pre-
vious work,Kv was assumed small compared toKs and it
was neglected. As discussed above,Kv for the glide-distorted
fcc Fe actually contributes more to the perpendicular anisot-
ropy than doesKs at all thicknesses in the uncapped film,
when the fcc Fe film is ferromagnetic. If the glide recon-
struction were removed when the Fe layer is sandwiched
between the Cu as indicated by EXAFS,8 then the anisotropy
of the sandwich structure would be different from the un-
capped Fe layer. However, other sandwich studies provide
fairly strong, although indirect, magnetic evidence that the
Fe reconstruction must still be present in sandwich struc-
tures, since high spin moments are found.25,26High spin mo-
ments are observed to coincide with the increased atomic
volume of the glide-distorted fcc Fe. We conclude that the
previous value of 0.63 ergs/cm2 for Ks for the fcc Fe/Cu
interface is too high by as much as a factor of 2, with the
exact amount dependent on the extent of the glide-
distortion–expansion found in the capped Fe films.

For the bcc Fe~011! film on Cu we deriveKs50.94
ergs/cm2 from the slope of the data in Fig. 2. A value of 0.96
ergs/cm2 has been found for the bcc Fe~001!/vacuum
interface28 and a value of 0.8 ergs/cm2 was obtained for the
bcc Fe~001!/Ag interface.27,28 The mean of these latter two
values, 0.88 ergs/cm2, is the appropriate value to compare to
our measured value. Thus, to within our estimated errors
these interface anisotropy values are the same. Since the
electronic structure of Cu~001! and Ag~001! are rather simi-
lar, the Fe/substrate electronic overlap should also be similar
making direct comparison of the anisotropies reasonable.
Additional evidence for this is that the calculated magnetic
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moment of an Fe monolayer on either substrate is the same.16

A simple linear theory of anisotropy which compares orien-
tation dependences29 indicates that for unstrained layers the
interface anisotropy for a bcc~011! interface should be about
30% smaller than for a bcc~001! interface. Within the present
assumptions, one concludes that the equivalence of the inter-
face anisotropy of bcc Fe~011! on Cu compared to bcc
Fe~001! on Ag is likely due to residual strain at the bcc/fcc
interface of one or both of these Fe/metal couples.

The spin reorientation from perpendicular anisotropy to
in-plane anisotropy is quite striking and has previously been
attributed directly to the iron structural phase transition.5

This is incorrect, as is readily seen in Fig. 2, where the mag-
netic anisotropy constants are observed to change to their
new values at a lower Fe thickness, at the onset of the trans-
formation. The reorientation is actually just the result of the
perpendicular thickness-dependent anisotropy being over-
whelmed by the shape anisotropy as the Fe coverage in-
creases. It is only connected to the formation of the bcc
phase in as much asKs and Ms for the bcc film are the
important quantities defining the exact Fe thickness for the
reorientation. The Fe coverage, 4.8 ML, where this occurs is
in good agreement with some other studies of Fe on Cu,5,30

showing that the Fe thickness calibration is comparable be-
tween these studies. Additionally, this coverage is in the
range of Fe coverages reported for the spin reorientation for
bcc Fe on Ag~100!.31–33This is to be expected in view of the
similar moments of bcc Fe on Cu and on Ag, the nearly bulk
value ofKv , and the similarity ofKs between bcc Fe on Cu
or on Ag, as discussed above.

Figure 2 includes a fewHeff values for 100 K grown Fe
films which are unannealed.Heff of the 4 ML film shows that
it has in-plane anisotropy before it is annealed. Even though
the data are very limited, an estimate of the anisotropy con-
stants can be made givingKv543106 ergs/cm3 and
Ks50.3 ergs/cm2. These values are intermediate to those in
Table I for the bcc Fe and the glide-distorted fcc Fe. The
reduction ofKv from the glide-distorted fcc Fe value weak-
ens the perpendicular anisotropy considerably, as already in-
dicated by the observed spin reorientation at 4 ML.Ks is
nearly the same as the value for the fcc Fe. The similarity of
Ks before and after the anneal is not too surprising since the
local atomic arrangement is mostly fcc-like in both cases,
although by 4 ML some bcc Fe is present. The two MEIS
blocking curves in Fig. 4 for the 3 ML Fe film are a com-
parison of the local atomic structure before and after the RT
anneal. After the anneal, the structure described in Refs. 2
and 4 is fully formed, where the lattice coherency is of the
order of 20 atoms across.34 Prior to the anneal, the blocking
minima at 35°, 38°, 46°, and 53° are less deep. This indi-
cates that the local atomic order is less in the unannealed
film, as might be expected, and the complete loss of the
blocking minima at 35°~^701& direction! indicates that there
is a loss of lattice coherency within the Fe for fourth nearest
neighbors and beyond. The blocking minima present prior to
the anneal have nearly the same scattering angles as com-
pared to after the anneal indicating that the glide-distortion–
layer-expansion is partially formed during the cold growth
prior to the anneal. This is consistent with the MOKE mea-
surements which show a strong ferromagnetic signal before
annealing, although it is reduced by about 15% compared to

post-anneal. Current understanding of the relationship be-
tween the Fe moment and the local atomic structure requires
a larger atomic Fe volume compared to perfect fcc Fe to
achieve high spin, ferromagnetic coupling, as is observed.
The glide-distortion–layer-expansion results in a large
atomic volume and thus its presence before the anneal as-
sures a ferromagnetic Fe film. The value ofKv543106

ergs/cm3 for the unannealed film is qualitatively self-
consistent with a partially formed internal strain, since it is
substantially larger than the value for the nearly unstrained
bcc Fe, but is about five times lower than that of the fully
strained, annealed film.

B. Growth at RT

The Heff values for RT Fe growth are plotted in Fig. 5
versus 1/~Fe thickness!. The two dashed vertical lines be-
tween 0.2 and 0.3 mark the transition region between the two
fcc structures according to when the Kerr ellipticity at mag-
netic saturation begins to fall off with increasing Fe thick-

FIG. 4. MEIS blocking curve for 200 keVH incident along the
^201& direction for the scattering angles shown for a 3 ML Fe film
grown on Cu~100! at 100 K prior to~open circles! and following
~solid circles! a brief RT anneal.

FIG. 5. Plot ofHeff vs 1/~Fe thickness! for Fe films grown on
Cu~100! at RT. The lines are least-squares linear fits to the data in
two regions. The dashed vertical lines mark the onset and comple-
tion for the fcc-to-bcc transformation and the glide-distorted fcc-to-
fcc with surface reconstruction transformation.
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ness and then plateaus.4 The two dashed vertical lines just
above 0.1 mark the range of Fe coverage during which the
fcc-to-bcc phase transition takes place as indicated by a rapid
increase of the Kerr signal with increasing Fe coverage from
the plateau of low Kerr signal. The lack of extended linear
regions inHeff versus 1/~Fe thickness! due to the presence of
an antiferromagnetic fcc phase at intermediate thickness
makes determination ofKv andKs more difficult. In addi-
tion, there is limited RT data at low Fe coverages. Within
these limitations we find that the glide-distorted fcc Fe has
Kv51.43107 ergs/cm3 andKs50.3 ergs/cm2. The anisot-
ropy constants are the same as for 100 K~annealed! growth,
to within the experimental and analytical uncertainties. The
bcc Fe hasKs51.0 ergs/cm2, the same as the 100 K~an-
nealed! grown bcc Fe films. An estimate forKv is
213106 ergs/cm3, which is an in-plane anisotropy and
nearly twice the bulk bcc Fe value. Very little can be said
about the anisotropy constants in the intermediate fcc Fe
region. Since the fcc Fe bulk is antiferromagnetic,35 the fer-
romagnetic Kerr signal is generally thought to be due to
ferromagnetic coupling at the surface associated with the sur-
face glide reconstruction at these Fe coverages. In passing, it
is interesting to note that ifHeff versus 1/~Fe thickness! data
for the glide-distorted fcc Fe in Fig. 2 is extrapolated to
lower coverage, theHeff values are comparable to those for
the fcc RT Fe films of 5–6 ML when the extrapolated cov-
erage is of the order of 1 ML. Additionally, the magnitude of
the glide distortion and layer expansion of the surface recon-
struction, although having a different in-plane periodicity, is
the same as has been determined for each layer of the glide-
distorted fcc Fe.4 This is reasonably consistent with the Kerr
ellipticity signal observed from Fe films with this surface
reconstructed fcc phase, which is 1.2–1.7 times the signal
expected from a single ferromagnetic layer having the bulk
bcc Fe moment.2,6,4 These observations indicate that the fer-
romagnetic region in this intermediate fcc phase is roughly 1
ML thick. It is still not entirely clear whether or not there is
some ferromagnetic coupling at the Fe/Cu interface in addi-
tion to the ferromagnetism at the Fe surface.

The spin reorientation for RT grown Fe films is coincident
with the phase transformation of the fcc Fe with the surface-
glide reconstruction1,3 to bcc, which initiates at;7.5 ML
and is completed by 9.5 ML in the present study. The MOKE
hysteresis loops show a mixed character with two identifi-
able components in this coverage range. One is a square loop
of low Kerr ellipticity with a perpendicular easy axis, just as
is observed or the pure fcc Fe with the surface-glide recon-
struction. The second component has an in-plane easy axis
and a much larger Kerr signal at saturation characteristic of
pure bcc Fe. Thus, during the transition there are regions of
the film that are fully bcc Fe and other regions which are still
fcc Fe, as opposed to the entire film going through a continu-
ous, gradual transformation. At the end of the transformation
the bcc Fe film has an in-plane easy axis because the thick-
ness of magnetic Fe is greater than the spin reorientation
thickness for bcc Fe,;5 ML, at the point where a region
goes bcc. Note that if the phase change had only caused the
observed changes in the anisotropy constants, but had not
caused a change in the magnetic thickness, then the Fe film
would still have had a perpendicular easy axis. Thus, it is the

abrupt increase in magnetic thickness upon formation of bcc
Fe that drives the reorientation to an in-plane easy axis.

Hembreeet al.36 have reported a metastable magnetic
field-induced spin reorientation of a 3.5 ML RT Fe film. We
have applied 1.1 T perpendicular fields to RT grown films of
2 ML to 4 ML at RT and up to 2.5 T at 100 K and have never
observed a spin reorientation, although small variations in
the coercivity were observed. The anisotropy must be rather
weak for these films at RT, since the Curie temperature is
declining with coverage and very near RT for this Fe cover-
age range and growth conditions. It would not be too surpris-
ing if some other factor, such as contamination or substrate
irregularities, caused the films to be nearly isotropic in the
previous study which might have made them susceptible to
small perturbations induced by external fields.

IV. SUMMARY

Measurements ofHeff for glide-distorted fcc Fe and bcc
Fe on Cu~001! have been used to make estimates of the
anisotropy constants,Kv andKs , for these magnetic films. In
the case of the glide-distorted fcc Fe, the value ofKv is
unexpectedly large, and, to date, magnetocrystalline and
magnetoelastic models do not provide a full explanation for
such a large thickness-independent anisotropy constant.
There are indications that the elastic constants of the glide-
distorted fcc Fe are unusual which would help explain the
huge value ofKv . In any case, the glide-distortion–layer-
expansion clearly plays an important role in determining the
magnitude of the anisotropy. When the Fe film transforms to
bcc Fe,Kv reduces to values close to unstrained, bulk bcc Fe.
The large, perpendicular value ofKv combined with a per-
pendicular value forKs cause the magnetic easy axis of the
glide-distorted fcc Fe to be perpendicular. Without the con-
tribution of Kv , this film would have an in-plane easy axis.
SinceKv is too large to neglect, previous determinations of
Ks for these ultrathin fcc Fe films, whereKv was assumed
zero, are incorrect. The value ofKs for the glide-distorted fcc
Fe, determined here, is 3–4 times smaller than the value
found for bcc Fe on Cu~001! and should be related to struc-
tural differences between fcc Fe and bcc Fe, although other
factors make the exact role difficult to clarify. The observed
spin reorientation is nearly, but not quite, coincident with the
fcc-to-bcc phase transformation and has therefore been asso-
ciated, erroneously, with changes in the anisotropy constants,
in the past. Although the anisotropy energy and easy axis
direction are strongly influenced by the atomic structure, the
actual act of reorientation of the spin is triggered by the
increased dominance of the shape anisotropy as the ferro-
magnetic thickness increases either through Fe growth or
through the abrupt change in magnetic thickness during the
fcc-to-bcc phase change.

The magnetic anisotropy of ultrathin films is an important
property and it is being exploited in the development of new
magnetic devices and sensors. It is determined by the under-
lying anisotropies in the atomic structure of the film, which
include intrinsic magnetocrystalline anisotropy, extrinsic
chemical ordering and alloying, and extrinsic magnetoelastic
anisotropy through the presence of strain due to epitaxy and
to formation of defects and atomic reconstructions. Each of
these structural aspects can make an important contribution
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to the overall anisotropy. This is especially true for thin film
structures containing Fe layers since Fe shows such a wide
variety of behavior, as demonstrated in the present study. It is
well known that we are currently still a long way from hav-
ing first-principles theories that quantitatively explain the ex-
perimental situation. In view of the complex experimental
observations and of the state of theory, one clearly still needs
to experimentally determine the anisotropy constants for
each interesting combination of layers of a set of materials in

order to make full use of such thin film structures in techno-
logical applications.
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