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Magnetic anisotropies of sputtered Fe films on Mgo substrates
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Ferromagnetic resonance (FMR) and superconducting quantum interference device (SQUID) measurements

have been used to study the magnetic properties of rf sputtered Fe films on MgO(001) substrates. The depen-

dences of the FMR spectra parameters on the direction of the dc magnetic field turning in the plane of the films

were measured in a wide temperature range (20—400 K) for films with thickness L in the range 25—500 A. The
analysis of the angular dependence of the resonance field Ho allowed us to determine the fourfold cubic
anisotropy constant K& and the effective magnetization value M,z. It was found that both values decrease with

decreasing L and approach a constant value below a certain thickness. A theory of FMR is outlined demon-

strating that for the case of the dc magnetic field lying in a film plane, the anisotropy constant can be
interpreted as a combination of a volume anisotropy contribution and a 1/L-dependent contribution from the

surface anisotropy up to the thickness L~10 A. This means that for the experimentally studied thickness

range the films may be considered as "dynamically thin films" with respect to surface perturbations. Then the

peculiar thickness dependence of the K& value can be explained assuming that the relaxation of the strain due

to the mismatch between film and substrate extends to distances as far as 45 A from the film-substrate

interface. Since our SQUID measurements show that the saturation moment does not depend on the thickness,
it is concluded that the thickness dependence of the effective magnetization M,ff is caused by a second-order
uniaxial anisotropy arising mainly from the broken symmetry of the crystal field at surfaces and near the edges
of interfacial dislocations.

I. INTRODUCTION

The magnetic anisotropies of thin films are determined to
a large degree by surface or interface effects. A well known
example of surface anisotropy is the Neel anisotropy, ' which
is caused by broken symmetry at the surface. Due to this
effect, with decreasing the film thickness down to 1—10
atomic layers the magnetization of the film tends to be nor-
mal to the film plane. The interfacial anisotropy does exist
not only in the out-of-plane direction, but can also arise
within the plane of the film. For example, in single crystal
(110) Fe films, grown on (110)W substrate the easy axis of
magnetization is switched from [001] to [110] crystallo-
graphic axis below a critical film thickness. This effect was
ascribed to a competition between interface and bulk crystal
anisotropies. The interface anisotropy may be infIuenced by
the roughness and mosaicity of a substrate as well as due to
perturbations of crystal field and band hybridization at the
interface. Among different contributions to the magnetic
anisotropies the interfacial effects due to the film-substrate
mismatch may have a pronounced impact on the magnetic
anisotropies of ultrathin films with thicknesses of several
atomic layers as well as of much thicker films. The latter is
due to the extension of the strain relaxation arising from the
mismatch between film and substrate to distances up to
20—50 A from the film-substrate interface. ' Therefore in
films with thicknesses above hundred angstroms the large

number of atomic layers involved in the strained area makes
this effect significantly stronger than the "pure" surface ef-
fect and its understanding becomes essential for thin film
investigations in general.

In this paper we report on investigations extending our
previous study of the interfacial effects due to the film-
substrate mismatch in iron films grown on magnesium oxide
substrate. Iron gains much attention, because it is a widely
used material in superlattices together with other nonmag-
netic or even superconducting materials. ' According to re-
sults of a model calculation of the Fe/MgO(001) interface by
Li and Freeman the MgO(001) forms a substrate with very
weak electronic interactions for Fe thin films. This gives a
hint that strain due to the mismatch between film and sub-
strate will have primary impact on the magnetic anisotropy
of iron films on MgO substrate. We performed ferromagnetic
resonance (FMR) and superconducting quantum interference
device (SQUID) measurements of iron films with thickness
in the range 25—500 A. It is well known" that the FMR
technique is a sensitive tool for the study of the surface mag-
netic anisotropy problems. For the ultrathin films with thick-
nesses smaller than the so-called exchange length
X.,„=(A/2irM )" the anisotropy field measured by FMR
can be interpreted as a combination of the volume anisotropy
contribution and the 1/L-dependent contribution from the
surface anisotropy (A is the exchange stiffness constant and
M is the saturation magnetization: A=2X10 ergs/cm,
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M = 1700 6, and )t„=50A for iron at room temperature").
It has been reasoned however, ' that for thicker films the
anisotropy constant depends on the surface anisotropy con-
tribution in a more complicated manner. Here we show theo-
retically that for the in-plane orientation of the dc magnetic
field iron films may still be treated as "dynamically thin
films" up to the thicknesses of 10 A. Therefore magnetic
parameters of the films measured by FMR were found to be
averaged over the whole sample just similar to the case of
ultrathin films with thickness L(k„. In view of this the
experimentally obtained thickness dependences of the four-
fold cubic anisotropy constant K& and the effective magneti-
zation value M,&&

are explained assuming that the relaxation
of strain due to the mismatch between film and substrate
extends to large distances from the film-substrate interface.

This paper is organized as follows. In Sec. II we provide
a brief outline of the sample preparation and characteriza-
tion, and describe the details of FMR and SQUID measure-
ments. Experimental results are presented in Sec. III, fol-
lowed by their analysis in Sec. IV. We present a discussion of
our results on the cubic anisotropy constants and effective
magnetization in Sec. V. The main experimental and theoreti-
cal results are summarized in Sec. VI. In the Appendix we
describe the calculation of the FMR absorption spectrum.

II. EXPERIMENT

A. Film preparation and characterization

Fe films in the thickness range from 25 to 500K were
grown by rf sputtering on high-quality MgO(001) substrates
at 300 K. Pure Ar (99.999%) was used as a sputter gas at
pressures of 5 X 10 mbar. The growth rate was controlled
by a quartz crystal monitor and the rate of 0.1 A/s has been
found optimal to ensure a high quality of the grown iron
films. The sample preparation and the growth conditions are
described in more detail in our previous publications. ' In
order to prevent oxidation of the magnetic layers, the iron
films were covered by a protective gold layer of 40 A thick-
ness.

The structural properties of all prepared films were stud-
ied by out-of-plane and in-plane x-ray scattering experi-
ments. These data are presented in Ref. 13. Therefore only
the main results will be stated here briefly. X-ray reflectivity
measurements yielded interface and surface roughnesses, av-
eraged over large distances of 4 to 6 A, indicative for the
high quality of the samples. The structural coherence length
perpendicular to the film plane is of the order of the total film
thickness and the out-of-plane mosaicity is about 0.8'. The
epitaxial relation between bcc Fe(100) and fcc MgO(100) is
the expected 45 epitaxy, i.e., the Fe[100] in-plane axis is
parallel to the MgO[110] axis. The in-plane and out-of-plane
lattice parameters of the Fe film appear to be roughly inde-
pendent on the film thickness for thicknesses above 100 A.

B. FMR measurements

FMR experiments were carried out at 9.4 GHz in a rect-
angular TE&oz cavity and in the temperature range from 20 to
400 K. The angular dependences of the spectra were ob-
served with both the dc magnetic field and the high fre-
quency field lying in the film plane, but perpendicular to
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FIG. 1. In-plane angular dependence of the resonance field H
(a) and of the linewidth AH~~ (b) for the sample of 250 A thickness
at T= 355 K. The solid line in (a) is the calculated resonance field

assuming 4mM, &
= 19.0 kG and K& = 3.5& 10 ergs/cm .

each other. The @H angles were measured in reference to the
crystallographic Fe-[100]-in-plane axis of the films. The de-
tected FMR signal corresponded to the field derivative of the
absorbed microwave power. The resonance field H has been
taken as the field midway between the field values corre-
sponding to the absorption derivative extrema. The estimated
uncertainty of the peak-to-peak linewidth AHpp is of the
order of 10% and thus the uncertainty of H, is of the order of
0.1 AH». The orientation accuracy of the magnetic field
was better than 2'. The magnetic fields were calibrated by
an NMR magnetometer.

III. EXPERIMENTAL RESULTS

FMR data on the angular dependences of the resonance
field value H, and of the linewidth b, H„„for the 250 A. thick
sample at two different temperatures are shown in Fig. 1 and
Fig. 2. For T» 320 K a single resonance line was observed.

C. SQUID measurements

The magnetic moment measurements of the samples with
thicknesses from 80 to 500 A. and in the temperature range
from 4.2 to 300 K were performed using a SQUID magne-
tometer. The field dependences of the magnetic moments
were measured in magnetic fields up to 5 kOe applied in the
plane of the film. In order to correct the contribution of the
substrate to the magnetic moment of the samples, the mag-
netic moments of the substrates were also measured sepa-
rately after removing the magnetic films. Estimates show that
such correction may cause not more than 10 % error of the
obtained value of the magnetic moment of the film. Another
source of error in determining the magnetic moments of the
films are the interface and surface roughnesses. As pointed
out above, the magnitude of the roughness is smaller than 6
A. This can lead to an additional error of the order of 3% for
a film of 100 A thickness. Thus the total error in the deter-
mination of the saturation moment for the studied fi1ms is
expected to be less than 13%.
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FIG. 3. The field dependences of the total magnetic moment
value for the Fe/MgO sample with L =80 A (open symbols), and of
the magnetic moment of the film obtained by subtraction of the
magnetic moment of the substrate (closed symbols).

FIG. 2. In-plane angular dependence of the resonance field 0
(a) and of the linewidth AH„„(b) for the sample of 250 A thickness
at T= 293 K. The solid line in (a) is the calculated resonance field

assuming 4~M, &
= 20.2 kG and K& =4.1X 10 ergs/cm .

A fourfold anisotropy of the resonance field which is ex-
pected for cubic crystals and for the case of the dc magnetic
field rotating in the Fe(001) plane is seen for this line. For
temperatures below 300 K, two resonance lines were ob-
served in the vicinity of the (110) axes of the film (Fig. 2).
These lines disappeared at angles about 10 degrees away
from these axes. A similar behavior of H, was observed for
the other samples studied, although at different temperatures:
for example, the change of the type of the angular depen-
dence occurs at lower temperatures (T- 200 K) for the 100
A thick sample and at higher temperatures (T- 360 K) for
the 500 A thick sample. As it will be shown below the shape
of the FMR spectrum as a function of @ depends on the

relative saturation magnetization, on the magnetic anisotropy
constant, and on the frequency at which the FMR measure-
ments are performed.

For the samples with thickness L~40 A a main line ex-
hibiting a very small fourfold in-plane anisotropy was ob-
served together with an additional weak line showing a
strong fourfold in-plane anisotropy. The intensity of the latter
did not exceed 10% of the intensity of the main line.

The linewidth as a function of P exhibits the largest value
at the angles which correspond to a highest value of
~
BHo/8@~. This is true for the case of a resonance line being

only observable around the hard axis as well as for a con-
tinuous H, (@) behavior.

Figure 3 shows the typical results of SQUID measure-
ments at T=4.2 K. At temperatures below 100 K the para-
magnetic contribution to the magnetic moment of the sample
caused by uncontrolled impurities in the substrate material
becomes comparable to the ferromagnetic moment of the
film. The field dependence of the magnetic moment of the
film which was obtained by subtraction of the magnetic mo-
ment of the substrate from the total moment of the sample is
also shown in this figure. The saturation moments extracted
from these measurements for two temperatures are listed in
Table I.

2K,
4vrM, g= 4mM—

TABLE I. SQUID measurements data on the saturation magneti-
zation.

L,A 4mM, kG
(7 =4.2 K)

4nM, kG
(T= 125 K)

80
100
250
500

bulk (Ref. 15)

21.2
18.3
21.0
21.6
22.0

21.6
17.7
20.4
22.5
21.7

IV. ANALYSIS

A. Resonance field

The FMR results are analyzed using a coordinate system
in which the magnetization M of the film makes an angle 0
with respect to the film normal (z direction) and an angle

P with respect to the x axis in the film plane (xy plane). The
external magnetic field H is applied at an angle Oz with
respect to the film normal and an angle @ii with respect to
the x axis. We define the x axis to be parallel to the [100]
axis of the Fe film. In our experiments 00 was equal to
m/2.

In general, ultrathin films of cubic materials grown along
the [001] crystallographic axis have a tetragonal symmetry
due to in-plane epitaxial strain and corresponding out-of-
plane Poisson distortion. Therefore, the corresponding con-
tribution to the free energy due to the crystal anisotropy con-
tains (see, e.g. , Ref. 11) the fourfold in-plane anisotropy
constant which differs from the fourth-order constant for the
perpendicular to the film plane direction. In addition, a non-
zero second-order uniaxial anisotropy term appears due to
the vertical lattice distortion and broken symmetry of crystal
field acting on the interface atomic layer. The corresponding
energy term has the form F,= —E,cos 0, where K, may, in

principle, depend on the film thickness. Since our experi-
ments were performed in the in-plane geometry only, we will
use the crystal anisotropy energy for cubic instead of tetrag-
onal symmetry introducing an effective demagnetizing field
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in order to account for the second-order perpendicular
uniaxial anisotropy. Thus the total magnetic free energy den-
sity function appropriate for a (001)-oriented film is written
in the form

0
5

7

L=IOOA
'

F= —MH sin6I cos(P —@H)+27rM,«cos 8

1
+ —K, (sin 20+sin" 0 sin 2P). (2)

o4

Q

I I I

100 200 300 40C
T (K)

Here KI is the fourth-order cubic anisotropy constant.
The equilibrium position of M is given by the zeros of the

first angular derivatives of F. In our experimental situation
the out-of-plane equilibrium angle is 00= ~/2, and the equi-
librium in-plane angle Po is given by solution of equation

16 24
1000/L (kI)

32 40

Ki
H sin(@II —@H)= — sin(4@II). (3)

Using the general ferromagnetic resonance condition'"

we obtain

g2E @2' ( g2p ) 2 I/2

M sin8 80 8@ I r/Or/$]

I tu1 = H cos( @,—pH) +47rM, ff+ [3+cos(4 p, ) ]

2K'
X H cos(@,—PH)+ cos(4$, ) .

M (5)

@=gp,zlfi, , and g is the spectroscopic g factor. The expres-
sion (5) together with the condition for equilibrium (3) de-
termine the resonance field position H, as a function of the
angle @H, of the effective magnetization 4~M,«, and of the
anisotropy constant KI. The analysis of Eqs. (3) and (5)
shows that these equations have simultaneous solutions for
the easy direction ([100j axis) only if (2KI/M) ~(co/y) /

(4mM, ff) (assuming 4~M, «&&~2KI/M~). In this case the
FMR spectrum consists of a single line and the angular
variation of Hp is continuous, i.e., one can observe a single
resonance line for any orientation of the external field in the
film plane. In the opposite case, the resonance line disap-
pears in the easy direction and there are two solutions in the
vicinity of the hard axis. Equation (3) has the solution

PII=@H for easy (QH=O) and hard (PH=7r/4) in-plane
magnetic anisotropy axes. According to Eq. (5) for these
directions and for the case when the resonance line is ob-
served for any orientation of the external field we can obtain
the resonance field value

FIG. 4. The thickness dependences of the anisotropy constant

K& at different temperatures. The solid line is the fit of the T= 293
K data by Eq. (11) assuming K, = 1.2&& 105 ergs/cm3 and 8L =45 A.
Inset: The temperature dependence of the K, value for the 100 A
thick sample.

20

A

„18 OC

value and by the g value. In order to fit the angular depen-
dences of Ho we used Eqs. (3) and (5) for numerical com-
putations without any approximations. Typical fits for
g = 2.09 (Ref. 15) can be seen in Fig. 1(a) and 2(a). They are
in good agreement with the experimental data. Figures 4 and
5 show the thickness dependences of EI and 4aM, &&

values
at two different temperatures. The typical temperature depen-
dences of these values are also shown in Figs. 4 and 5. The
present data on the thickness dependence of K& are in good
agreement with those obtained earlier from magneto-optic
Kerr effect measurements. '

The peculiar angular dependence of H, shown in Fig. 2
has already been observed' for epitaxially grown Fe(100)
thin films on Ag/GaAs substrate. The values of K&=4.1

X10 ergs/cm and 4~M, &&=19.8 kG deduced from the fit-
ting of our room temperature data for the 250 A thick sample
are in good agreement with the values KI = 4.9X 10
ergs/cm and 4~M =20.7 kG obtained earlier' for a 200 A
thick Fe film.

Hp= Q +' — —Q ~2 (6)

where Q=2vrM, «+(3KI/4M), and the minus and plus
signs refer to the easy and hard directions, respectively. The
accepted approximation 2vrM, &&)K&/M is fulfilled in our
case with a high degree of accuracy. Therefore, Eq. (6) gives
the possibility to determine independently K& and M, ff val-
ues: the amplitude of the angular dependence of the reso-
nance field is about 4K, /M and the mean Ho value (the term
in brackets) is mainly determined by the effective moment

140 16 24
1000/L (4I)

32 40

FIG. 5. The thickness dependences of the 4aM, & value at dif-
ferent temperatures. The solid line is a guide for eyes for the
T=293 K data. Inset: The temperature dependence of the 4mM, &

value for the 100 A thick sample.
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2 1 G iBF 1 BF
AH'"'( ) = M'

&
ae' sin'e ay'~ + . .

2 6 GO

Q3 Y M cos(Po —P~)
'

where 6 is the Gilbert damping parameter. This contribution
passes over the minimum at principal magnetic directions
and it has a maximum value at the points where the magne-
tization orientation undergoes strong changes.

The inhomogeneous contribution to the FMR linewidth

may arise due to the lattice defects AH and due to the
mosaicity of the studied samples. The first one is indepen-

dent on P, the latter depends on it. The mosaicity 5 @ of the
crystallographic axes will lead' to a contribution of the or-

der of ~oH0/8$~ 6@. Thus the angular dependence of this
contribution is exactly the same as it has been observed ex-
perimentally [Figs. 1(b) and 2(b)]. Now the total FMR line-
width may be written as

&HO
AH„"„"'(@)=AH„„+AH„'"„'(P)+ (8)

Taking co = 6 X 10' rad/s and experimentally measured'
6= 6 X 10 rad/s we obtained the minimum value of
AH'"„'=6.8 Oe and the maximum value of AH'"'=10 Oe.
Hence the intrinsic contribution to the observed linewidth is
not enough to explain the angular variations of the total line-
width. The fitting of the angular dependences of the line-
width by Eq. (8) [see Figs. 1(b) and 2(b)] gave b,H„„=34Oe
and 5@=1.5'. The obtained AP is comparable with the
measured value of mosaicity (see Sec. II).

V. DISCUSSION

A. Cubic anisotropy constants

The experimentally determined in-plane fourfold anisot-
ropy constant in our samples depends strongly on the sample
thickness. At T= 300 K for the thickness range from 500 to
80 A this dependence can be described by the following
expression:

0.58—
14.6

kOe, (9)

where d is the film thickness in monolayers (ML)
[d=l./1.433 A for bcc Fe(001)]. Qualitatively this depen-
dence resembles that obtained by Heinrich et al. for

B. FMR linewidth

It is known" that the FMR linewidth is mainly deter-
mined by two mechanisms: the intrinsic damping and the
magnetic inhomogeneities of the sample. In order to extract
the intrinsic contribution to the FMR linewidth it is neces-
sary (see, e.g. , Ref. 18 and references therein) to know the
frequency dependence of the FMR linewidth. In this study
such measurements were not performed. Nevertheless some
estimates can be presented. According to Suhl the intrinsic
contribution to the linewidth can be obtained as

Fe(001) films on Ag substrate. The constant term in Eq. (9) is
close to the anisotropy field value for bulk samples. ' The
1/d term has been supposed earlier to originate from a sur-

face fourfold anisotropy term. In this case the negative sign
of the d dependent contribution indicates that the surface
anisotropy energy has its easy axis parallel to the (110) crys-
tallographic directions. This means that there is a certain
thickness value at which the observed anisotropy constant
K& changes its sign. If we suppose that in our case the thick-
ness dependence of K& has the same origin, then in accor-
dance with Eq. (9) the change of the sign of anisotropy con-
stant should occur at L=36 A. However, as it can be seen
from Fig. 4 this does not take place.

The coefficient of the 1/d term for Fe(001) films on silver
substrates was obtained to be equal to 2.5. If we take the
ratio of the 1/d term coefficients for Fe/MgO and Fe/Ag and
compare it with the ratio of the epitaxial mismatch
r/=(ad —a,)/a, between the substrate lattice parameter a,
and the deposit parameter a d for these systems
(r/= —4X 10 and —0.8X 10, respectively) we see that
these two ratios are very close to each other. Most likely this
indicates that in both cases the reason for the thickness de-
pendence of the E& value arises from the mismatch at the
film-substrate interface.

It is known from grazing incidence x-ray scattering
experiments ' that in case of large mismatch values, the
strain relaxation may extend to large distances from the film-
substrate interface. The data obtained in Ref. 6 indicate an
initial island growth up to the thickness of 10 ML s of the
iron films on MgO(001) substrate at T= 360 K. Upon the
subsequent increase of the film thickness, the islands con-
taining initially a small strain, coalesce with each other. Just
at this moment the maximum value of strain is observed.
Then the value of strain starts to decrease and at the thick-
ness of 20—25 ML's it becomes an order of half of its maxi-
mum value. The strain located near the interface area can
change the magnetic anisotropy constant of this border layer
via the magnetostriction. The small value of the structural
coherence length in the border layer can also lead to a de-
crease of the in-plane magnetic anisotropy.

In order to establish a physical origin for the 1/d term in
the anisotropy field we performed calculations of the FMR
absorption spectrum. These calculations are outlined in the
Appendix. The analysis given in the Appendix shows that
due to the existence of the long wavelength magnetization
transfer process, the source of the interface anisotropy lo-
cated at the boundary layer of finite thickness 6L&&L near
the interface will look as a "true" surface anisotropy of
much larger value, spread over the whole thickness L of the
film. Nevertheless, it is also evident that as the film thickness
L approaches the thickness 6L of the boundary layer, the 1/d
dependence of anisotropy field should saturate at the value
characterizing the averaged anisotropy field within 6L. Now
the reason for the enhanced scattering of the experimental
points in Fig. 4 at small film thicknesses also becomes clear.
It is natural to assume that the degree of the lattice distortion
of the boundary layer depends on a set of uncontrolled fac-
tors. As the contribution of the boundary layer with an un-

certain K& value increases with decreasing film thickness, the
uncertainty in the E& parameter of the film increases as well.
The additional weak resonance line showing a strong four-
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(Ki if O~z~L —BL
K(z) =

Kl if L —6L~z~L. (10)

Then the total anisotropy averaged over the film thickness
can be written as

fL
K, =— K(z)dz=

Lgp

K, —(BL/L)(K, K, ) if —L) 8L

K 1 if L- 8L.
(11)

Until L) BL, the expression (11) provides a 1/L (or 1/d)--
depending contribution to the total anisotropy field. As the
value of L- becomes equal to 6L, Kl becomes constant,
causing deviations from the initial //d law (9) and preventing
the sign change of the anisotropy field. Obviously, any
smooth distribution of Ki values (for example, an exponen-
tial decay) will produce a similar behavior, but with continu-
ous transition from the 1/L dependence of Ki to a saturation
at small thicknesses.

By fitting of our experimental data on the thickness de-
pendence of the anisotropy field to Eq. (11) we obtain the

parameters Kl = 1.2X 10 ergs/cm and 8'L=45 A. Using the
experimental data on the stress value dependence on the film
thickness, we we can estimate the depth of the boundary
layer to be 20—25 ML (—30—40 A) which agrees well with
our results. Certainly, the above fitting as well as the ob-
tained Kl and 6L parameters can be considered as rather
rough approximations, because the shape of the thickness
dependence and the K, value strongly depends on local
variation of the magnetic anisotropy constant.

An additional support of the suggested model was ob-
tained by our FMR measurements of the 120, 250, and 500 A
thick samples which were grown on MgO(001) substrates at
470 K. The thickness dependence of the El value for this set
of samples can be described by the empirical expression

=! 0.59— kOe.
d

g

(12)

Comparison of the coefficient of the 1/d term in formulas (9)
and (12) shows that the average value of strain in the
samples grown at 470 K is smaller than in those prepared at

fold in-plane anisotropy which was observed for the samples
with thicknesses L~ 40 A can be attributed to the remaining
islands which did not yet coalesce with the main part of the
films.

Let us stress here, that we applied the definition of the
surface anisotropy as K,ao in the boundary conditions (A2)
implying the interpretation of Kl parameter, as the volume
characteristics of the magnetic anisotropy of the border layer.
As pointed out above, we suppose that the change of the
magnetic anisotropy parameter of the border layer can be
caused by the strain arising due to the mismatch at the film-
substrate interface. Generally, in order to describe the thick-
ness dependence of the magnetic anisotropy it is necessary to
know the distribution of strain in the space near the interface.
However, the explicit form of this distribution can not be
calculated unambiguously. Let us assume the simplest step-
like distribution of the anisotropy constant near the interface,
i.e.,

B. Effective magnetization

Results of our SQUID measurements (see Table I) show
that the value of the saturation moment M seems to be inde-
pendent on the film thickness. Therefore the obtained depen-
dence of the effective magnetization is most likely associated
with the second-order uniaxial anisotropy [see Eq. (I)]. Such
anisotropy can arise due to the magnetostriction and due to
perpendicular Neel anisotropy.

Thin films are usually strained to some degree and there-
fore are affected by the magnetoelasticity. Vertical lattice dis-
tortion which is due to the epitaxial mismatch, can result in a
perpendicular uniaxial anisotropy field

2~mag. el.

M

2Bl
(13)

where (si —
a~~) is the value of tetragonal strain and 8, is the

corresponding magnetoelastic coefficient ': Bi= —2.9X 10
ergs/cm for Fe. The value of strain (ai —

e~~) can be esti-
mated from the data on the in-plane lattice parameter of iron
films on MgO substrate measured down to monolayer level.
For the L= 100 A film we obtain e~~

= 1.3X 10 . Supposing
that the tetragonal distortion of the Fe layer is of purely
elastic origin (ei = —a~~2Ci2/C», where the C;, are the
elastic moduli: C»= 2 41&& 10 ergs/cm Cl2= 1.46' 10
ergs/cm for iron ') we can find (gi —

a~~)
= —2.9X 10

Then the magnetoelastic contribution becomes

2~mag. el.
9 = —1 kOe.
M

(14)

Thus this contribution to the uniaxial anisotropy causes an
enhancement of the effective magnetization value which is in
contradiction with our experimental results.

The next reason for the renormalization of saturation
magnetization seen in FMR is the axial crystal field, gener-
ated by the surface even for films with cubic structure due to
the low symmetry local environment at a surface. ' Adding to
(2) the energy of the axial symmetry

8F= (Ks /d) cos 0, (15)

and taking into account the results of our calculations of the
FMR line shape which show that for our films the surface
contribution to the anisotropy constant can be written as the
1/d-dependent term, we obtain

M dM
(16)

A microscopic theory for axial crystal fields at the surface
does not exist, but it is reasonable to expect that the axial
crystal field constant Kz scales as the magnetoelastic con-
stant B, since both of them have the same microscopic
origin. ' Indeed, one can think that the magnetoelastic en-
ergy is mainly determined by an axial crystal field contribu-
tion to the orbit-lattice interaction. Therefore one can use the

room temperature. It seems feasible that the relaxation of
strain in the samples grown at higher temperatures occurs at
smaller distances from the film-substrate interface.
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value of the orbit-lattice (magnetoelastic) coupling constant
B ~ as a rough estimate of the axial crystal field acting on the
surface magnetic ions. Assuming Ez=B& one can obtain

2K = (34/d) kOe, (17)

obtaining (2'„/M) =0.5 kOe for d=70 ML (L=100 A)
sample as an example. This value should be compared with
the experimentally observed (2K„/M)=3 kOe. Therefore
the sign of this contribution is correct, but its magnitude is
too small to account for the observed reduction of magneti-
zation. It is interesting to note that the value of surface con-
tribution (17) is very close to that observed experimentally
for Fe/Ag films. One may think that Neel anisotropy con-
tribution dominates for such samples because the mismatch
for the Fe/Ag interface is five times smaller than in the case
of Fe on MgO substrate. It should also be noted that for the
set of samples grown at 470 K the reduction of 4~M, &&

does
not exceed the value predicted by the Neel mechanism [see
Eq. (17)].As to the samples grown at room temperature, the
above estimates show that a simple Neel picture cannot ex-
plain the large uniaxial perpendicular anisotropy observed
for our samples. The analysis of the data shown in Figs. 4
and 5 allows us to conclude that the thickness dependences
of the K& and E values are quite similar: both values are
strongly changed with decreasing L and approach a constant
value below a certain thickness. This indicates that the thick-
ness dependence of both parameters has a common origin,
which is the strain arising due to the mismatch at the film-
substrate interface. As shown above [see Eq. (14)] the strain
gives a contribution to the uniaxial anisotropy with a sign
opposite to that observed experimentally. It should be noted,
however, that the lattice mismatch may not completely be
taken up by strain and that dislocations are generated at the
interface. In our case this is manifested by the data on the
in-plane lattice parameters of iron films on MgO substrate:
the maximum value of the in-plane strain e~~ is two times
smaller than the epitaxial mismatch g. At the dislocation
edge the symmetry of the crystal field is broken just as if it
would be a surface. It is difficult to estimate the magnitude
of this contribution to the perpendicular uniaxial anisotropy.
However, it is obvious that the dislocation density as well as
the number of atomic planes with broken symmetry are ex-
tremely high ensuring a fast relaxation of the lattice mis-
match at distances of the order of 40—50 A. We can therefore
conclude that the Neel mechanism providing the correct sign
of K„may be considerably enhanced by interfacial disloca-
tions.

pendently the anisotropy constant K& and the effective mag-
netization value M,z. We have observed a thickness depen-
dences of K& and 4aM, &&

and suggested that it may be
caused by epitaxial strain extended to a large distance of the
order of 45 A from the film-substrate interface. This result is
based on our calculation of the FMR line shape which shows
that in parallel orientation of the dc magnetic film relative to
the film plane the measured anisotropy constant can be rep-
resented as a combination of the volume anisotropy and
1/d-dependent part from the surface anisotropy in the thick-
ness range studied experimentally. We argue that the ob-
served decrease of the 4~M,«value in comparison with the
bulk saturation magnetization together with its L dependence
may be caused by interface contributions to the out-of-plane
uniaxial anisotropy competing with the shape anisotropy.

This work is supported by the Deutsche Forschungsge-
meinschaft (DFG-ZA161/6-1).

APPENDIX

In order to clarify how the change of the magnetic anisot-
ropy constant of the extended border layer near the film-
substrate interface influences the magnetic parameters mea-
sured by FMR we performed calculations of the FMR line
shape. We solved the boundary problem for the system of
surface/magnetic film/interface/dielectric substrate, subjected
to action of the dc and the high frequency magnetic fields for
the experimental geometry described above.

We assume the cubic symmetry of the volume anisotropy
energy to be present in our magnetic layer with fourfold
anisotropy constant K& . Then we suppose the surface anisot-

ropy of cubic symmetry to be located within a very thin
interface region between film and substrate. Therefore we
neglect temporarily the thickness of interface area. We de-
scribe the dynamics of nonequilibrium magnetization in-
duced by microwave field by Landau-Lifshitz equations
with boundary conditions just neglecting the surface anisot-
ropy torque, acting on the film magnetization at the interface.
In line with the discussion in Ref. 25, linearized equations,
written for the circular components of magnetizations
pl m = Dz y

~ / p/~, are

8 711+ ~ CO

D q + — H 2wM —Hi —m~—+(2vrM+Hp)m
( 'Y

8 pl ~ CO

D 2
— —+H+27rM+H, m +(27rM+H2)m+

Bz

VI. SUMMARY
= —hM, (A 1)

In conclusion, FMR measurements of rf sputtered Fe
films on MgO(001) substrates have been performed in a wide
temperature range. Two different types of angular depen-
dences of the resonance field value have been observed at
various temperatures. Our analysis shows that the realization
of one or another type of angular dependence is determined
by the relation between the effective magnetization 4mM, &z

and the anisotropy constant K&. By numerical fitting of the
angular dependent FMR measurements we determined inde-

D
z z=L

2(K, —K, )ap Bvl ~m, D
0 Z p

=0

(A2)

where D = 2A/M, H, = 2K& /M, H2 = 0 for the case of easy
direction, and H]= Ky/M H2=3E'&/M for the hard di-
rection of M and h is the microwave field amplitude. The
boundary conditions for the magnetization components can
be obtained in the form
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where ao is the interlayer spacing and K, is the surface four-

fold anisotropy constant per volume unit. The eddy current
problem is not important for our films, because the skin-

depth is larger than the actual films thickness. We solve Eqs.
(Al) satisfying them and boundary con-ditions (A2) by the

general solution

m~(z) =m +A~cosh(kiz)+B~cosh(k2z). (A3)

The quantities entering in the solution appeared to be as
follows:

1
ki,z= VH+(2K /M)+2 r7M ~/(c0/y') +(27rM)

vD 1
(A4)

co~ y(H+4vrM)I = ~Mba
CO Mo

(A5)

mM
A I—apl~Dk, sinh(k, L)+Xcosh(k, L) g(~/&)~+(2~M)2 — b

(A6)

mM ( 2mM
B~=

Dk2sinh(k2L) + kcosh(k2L) g(~/&) 2+ (2~M) 2
~

— b
(A7)

where k =@tao/A, b =(co/y) ~ J(c0/y) +(2vrM), (coo/y) =(H+2ICi/M)(H+2Ki/M+47rM). The homogeneous
FMR linewidth 8 is introduced by assuming (co/y) ~ co/y+i Bin the 'above formulas. Taking into account the homogeneity of
microwave field in the film, we integrate the solution (A3) over the film thickness thus obtaining the total response of
ferromagnetic film on microwave excitation as

2~ k, 1
( ) (7 ) ~2 2 k L k +)iscoth(k L) k2 k2 k I k +)iscoth(k L) k2 k2 (AS)

Direct inspection of Eq. (A8) shows that there exist two dis-
tinct scales for the propagation of dynamic magnetization
which are determined by k, ' = (A/27rM )" and by

kz '=[Ad/(K, —K,)]". The first value is the usual ex-

change length X,„(see Introduction) and we shall call a cor-
responding short range mode —"exchange mode. "The spa-
tial scale of the second mode shows how deep the virtual

spin waves carry the perturbation introduced by the surface.
The thickness dependence of this scale is due to the depen-
dence of spin-wave energy on the film thickness. The kz
value increases upon increasing the film thickness L, but it is
limited by the homogeneous FMR linewidth 6', for example.
lf one assumes that ~2(IC, IC, )/Md~(&8, then th—e k2
value can be estimated as ~k2 '~=(47rAy/coo8)' =10 A
for our experimental situation 6=50 Oe. Actually

kz
' —10 A ~&X„determines the penetration depth of the

surface perturbation into the film. Hence this "surface in-
duced mode" appears to be slowly varying in the space.

The intensities of the "surface induced" and "exchange"
modes are represented by the first, second, and last terms in
the square brackets of the expression (AS) for the total re-
sponse, respectively. The analysis of corresponding expres-
sions shows that the contribution of the exchange mode [last
term in (A8)] is small already due to the smallness of the
ratio kz/k, =[2(K, —K, )/dM]/4vrM(&1 for parameters of

our experiment. Approximate analysis and the computer
simulation of the FMR spectra according to the explicit ex-
pression (A8) for P(H) revealed that the contribution of the
last term is negligibly small in our experimental situation
(the film thickness ranges from 25 to 500 A and magnetic
field sweep varies from 0 to 1000 Oe). That is why only the
surface induced mode should be observed in our experi-
ments. Assuming k2L(&1, from the poles of absorbed power
(A8) we obtain the explicit resonance condition for films
with easy direction of magnetization, subjected to surface
anisotropy as

2K 2K Ii 2E 2E 'I

(A9)

The solution (A9) is just the same result which we can obtain
considering the ultrathin film with microwave field and mag-
netizations m~ being uniform across the film thickness. ' '

Our analysis shows that the condition ~k3L~(~1 of Rado, '2

which is equivalent to our ~kiL~(~1, is redundant for the
in-plane geometry of the experiment. Until the skin depth is
much greater than the film thickness L, the short-scaled ex-
change mode does not couple with the homogeneous micro-
wave field and produces only the low-intensity response with
respect to slow varying surface mode.
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