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Magnetic anisotropies in ultrathin fcc Fe(001) films grown on Cu(001) substrates
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Ferromagnetic resonance absorption measurements at 36.3 6Hz and at room temperature have been

used to determine the g factor and anisotropy parameters for a series of bilayers composed of two 3-

lvIL-thick foe I:e (001) films separated by a variable thickness of fcc Cu(001). The resonance field and

linewidth were measured versus the out-of-plane magnetic-field angle, Oz. The magnetic properties of
these ten coupled bilayer films were found to be remarkably similar from specimen to specimen, despite

the fact that each member Of the bilayer was only 3 ML thick, The average g factor was found to be

(g ) =Z.08+0.OZ, and the average effective magnetization was found to be —5.5+0.5 kOe; i.e., the speci-

mens were magnetized normal to the specimen plane in zero applied magnetic field. If the effective field

along the specimen normal can be attributed to a second-order surface anisotropy energy Of the am
I', = —KUi sin'6&, then (It Ui ) = 1.25+0.06 erg/cm~, assuming a value 4trM, =Zl.6 koe for the satura-

tion magnetization and using d=5.4 A for each 51m thickness. (This energy includes both sides o& the

film; the energy corresponding to a single Pe-Cu interface is 0.63 erg/cm'. ) These specimens exhibited

no measurable in-plane anisotropy. The linewidth was found to exhibit a sharp decrease for 0~ near 20'.

This decrease could be explained in terms of the angular dependence of inhomogeneous line broadening

due to a 1P~ variation in the perpendicular effective field from place to place in the sample plane.

INTRODUCTION

We have used out-of-plane ferromagnetic reMnance
absorption measurements (FMR) at 36.3 GHz, and at
room temperature, to determine the magnetic parameters
for a series of fcc Fe(001) bilayers which were grown and
used by Bennett, Schwartzacher, and Egelhoifi for
magneto-optical Kerr effect studies. These bilayer struc-
tures were grown epitaxially on bulk fcc Cu(001) single-
crystal substrates and consisted of two 3-monolayer-thick
(3 ML) iron films separated by a layer of fcc Cu(001) of
variable thickness. The iron bilayers were covered by 60
ML of fcc Cu(001) in order to protect them from oxida-
tion when they were removed from the vacuum system.
The thickness of the Cu spacer layer ranged from 3 to 30
ML. The Kerr effect measurements showed that the iron
films were coupled by an interaction whose strength
varied with the spacer layer thickness. The coupling
strength was found to be an oscillatory function of thick-
ness with peaks in the antiferromagnetic coupling at
spacer thicknesses of approximately 8, 15, 22, and 30
ML.

Unfortunately, FMR absorption is not sensitive to the
strength of interaction between two ultrathin films which
have identical magnetic properties. The microwave mag-
netic field is essentially uniform in the plane of the speci-
men; it can therefore couple strongly only to modes in the
film for which the deviation of the magnetization from
equilibrium is uniform in the plane. The frequency spec-
trum for such modes is similar to the frequency spectrum
for a single thin film, but each of the single-film mode fre-

quencies is split into a doublet because of the interaction
between the two films. The freqiiency interval between
the two members of a doublet is proportional to the
strength of the interaction between the films. The lowest
frequency doublet corresponds to modes in which a11 the
spins within a given film precess in phase. Higher-
frequency doub1ets correspond to a spatial variation of
the magnetization across each film. Roughly speaking,
this spatial variation corresponds to a wave number
k =nm/d, where'n is an integer and d is the film thick-
ness.

Any spatial variation of the magnetization within a
film increases the energy of a mode, and hence increases
the mode frequency, because of the exchange coupling
between spins. For iron filins 3 ML thick only the
lowest-frequency doublet can be investigated using mi-

crowave frequencies. The next lowest-frequency doublet
occurs at a mean frequency of approximately 22 000 GHz
(corresponding to a free-space wavelength of 14 pm) be-
cause of the very strong exchange torques which tend to
keep the spins within a given film aligned. The lowest-
frequency doublet corresponds to modes in which the
spins within each film precess in phase but the spins in
one film precess either in phase with the spins in the
second film (acoustical mode) or in antiphase (optical
mode). If the coupling between two identical films is fer-
romagnetic, the acoustical mode frequency is smaller
than the optical mode frequency. For antiferromagnetic
coupling between identical films the optical mode fre-

quency is less than the acoustical mode frequency. A
uniform microwave driving field cannot couple to the op-
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tical made for a pair of magnetically identical films be-
cause a uniform rf magnetic field having the same ampli-
tude and phase within each film of the pair can exert no
net torque on the system.

In our experiments, the thickness of each iron film
(-5.4 A) as well as the spacing between the films

( +54 A) were very small compared with the 36-GHz-
rnierowave skin depth for bulk copper and iron at 300 K
6= )/ c2/4m. coo =0.24 pm for copper and 5=0.59 pm for
iran. The rf magnetic field had, therefare, essentially the
same ainplitude and phase within each iron film. Only
one absorption peak could be observed as the magnetic
field was swept at fixed frequency, and that absorption
peak corresponded to excitation of the acoustical mode.

The frequency af the acoustical made is very insensi-
tive to the strength of the interfilm coupling because all
spins remain parallel as they precess in phase. ' The
FMR spectrum for a coupled pair of identical films is the
same as the spectrum for a single film, except for a dou-
bling af the absorbed power, so long as the internal
effective magnetic field remains large enough so that the
systein is always magnetically saturated. This condition
was satisfied for the 36.3-GHz-FMR measurements re-
ported below.

The angular dependence of the FMR field when the
direction af the applied field is ratated in plane provides a
direct measure of the in-plane components of the magne-
tocrystalline anisotropy terms in the magnetic free energy
of the system. The angular dependence of the resonance
field as the applied field is rotated out of the plane pro-
vides a direct measure of the g factor and the magnetic
anisotropy terms associated with the direction along the
specimen normal. The angular dependence of the FMR
linewidth for fields directed out of plane provides infor-
mation about the intrinsic magnetic damping in the films,
and also provides information about inhomogeneous line
broadening. All of the films which we investigated exhib-
ited a striking increase in signal strength as the field was
rotated out of the plane through an angle of -20'. This
can be understood if much of the F MR absorption
linewidth is caused by inhomageneous line broadening as
was suggested by Chappert et al. ' and by Purcell et al. '
Their idea is that the specimen can be regarded as a col-
lection of independent regions; each region is supposed to
be subject to a different anisotropy field in the direction
normal to the plane and, therefare, to possess a different
FMR resonant field. When the magnetic field is applied
at -20' from the plane (in the case of our iron films) the
FMR field becomes very insensitive to the value of the
anisotropy field so that all regions tend to absorb at the
same value of applied magnetic field. It follows that the
minimum linewidth provides a measure of the linewidth
for a homogeneous iron film, and the increase in
linewidth observed for the in-plane orientation provides a
Ineasure of the distribution of anisotropy fields. It will be
demonstrated below that our observations are consistent
with anisotropy distributions whose half-widths are less
than 1% of their average value. The magnetic properties
of these coupled bilayer films are remarkably similar from
specimen to specimen despite the fact that each member
of the bilayer is only 3 ML thick.

EXPERIMENTAL DETAILS

Fe(001) single-crystal specimens were grown on fcc
Cu(001) single-crystal substrates in ultrahigh vacuum

(p ~ 10 ' Torr) by means of molecular beam epitaxy as
described by Steigerwald, Jacob, and Egelhoff. ' Cu(001)
crystal substrates were cut froin a boule using a diamond
saw. The resulting mechanical damage was removed
from each side of a substrate by means of an acid facing
instrument. 9 The substrate was then polished ta a mir-
rorlike finish using a solution of CuC12+HCl+2-
mercaptobenzathiozole. "

Most of the substrates were, at this point, in the form
of disks —1 cm in diameter and between 1 and 2 mm
thick. The substrates were subsequently cleaned in ul-
trahigh vacuum ( —10 'c Torr) by ion sputter etching
both sides for 2 h at roam temperature, followed by
several hours of sputtering at 1000 K. Following this ini-
tial cleaning cycle, the surface was cleaned by means of
several minutes of sputtering at room temperature fol-
lowed by a 30-s anneal to 700 K. This resulted in a sur-
face which was clean within the XPS detection limit and
which exhibited a sharp p(1X1) LEED pattern having a
low background. The RHEED pattern exhibited sharp,
elongated streaks, which indicated that the surface con-
sisted predominantly of flat terraces.

Approximately 10 ML of Cu(001) were deposited at
450 K on the clean substrate surfaces. This homaepitaxi-
al layer buried residual imperfections, thereby improving
surface quality. The iron was deposited on a substrate
cooled to 100 K and subsequently annealed at 350 K.
These procedures are known to produce 3-ML-thick iron
films in which the Fe-Cu interfaces are atamically
smooth. ' The Cu(001) spacer layer was deposited at 350
K. The substrate was cooled to 100 K and the second
iron layer was deposited and annealed at 350 K. A 60-
ML-epitaxial Cu(001) coverlayer was deposited at 350 K;
this averlayer protected the iron film from oxidation
when the specimens were removed from the vacuum sys-
tem in order to perform the magnetic measurements. It
also ensured that each of the two iron films was sur-
rounded by a similar fcc Cu(001) environment.

FMR measurements were carried out at room tempera-
ture using a microwave frequency of 36.3 GHz. The
specimens formed part of the end wall of a cylindrical mi-
crowave cavity operated in the TEc,2 mode. A 0.005-in. —

thick copper diaphragm was used to shield all but a cen-
tral region of the specimen 5 mm in diameter from the
microwave fields. Absorption was monitored by means of
the signal reflected from the undercoupled cavity. The
microwave frequency was locked to the resonant frequen-
cy of the cavity. Conventional field modulation at 176
Hz was used together with a lock-in amplifier to obtain a
signal whose strength was proportional to the magnetic
field derivative of the FMR absorption in the specimen.
The cavity was mounted between the poles of a Varian
16-in. electromagnet; the field could be swept from 0 to
16.5 kOe. The magnet rotation axis was oriented perpen-
dicular to the specimen normal so that the field could be
rotated from a direction parallel with the specimen plane
(OH =0', the parallel configuration) to a direction parallel
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with the specimen normal (OH =90', the perpendicular
configuration). The angular resolution was approximate-
ly 0.2'. Magnetic fields were ca1ibrated against the NMR
signal of protons in water

In addition to the FMR measurements, Brillouin light
scattering experiments (BLSS) were carried out on four of
the specimens at room temperature using approximately
100 mW of 5145 A laser light incident at 45' to the film

normal. The backscattered light was analyzed by means
of a Sandercock 4+2 pass Fabry-Perot interferarneter. "
An external magnetic field, variable between 0 and 11
kOe, was applied in the plane of the film and perpendicu-
lai' to the optica1 scattering plane, It is estimated fram
previous measurements that the local temperature in-

crease due to the focused laser light was less than 24 C.
A free-spectral range of 30 GHz was used for most of the
ineasurements. It is estimated that magnon frequencies
could be determined within +Q. 5 6Hz.

RESUI TS

FMR data are shown for two specimens in Fig. 1 for
applied fields oriented at 0', 90', and -20' with respect to
the sample plane. The iron films in these two specimens
were separated by 3 ML and by 30 ML of Cu,' these two
spacer layer thicknesses represent the extremes of the
range which were used for our experiments. The behav-

) 3 ML SPaggI

1 kOe

8 =900

H

(b) 30 ML spacer

1 kQO

8 =0
H

MAGNETIC FIELD

FIG. 1. FMR absorption derivative signals vs magnetic field
measured using bilayer specimens composed of 3-ML-thick fcc
Fe(001) films separated by Cu(001) spacer layers. Data for three
out-of-plane magnetic field angles are shown: 0H =0 (in plane),
0H =90 (field applied along the specimen normal), and OH cor-
responding to the maximum derivative signal. (a) 3 ML spacer
layer: ferromagnetic resonances occurred at 14.7, 12.7, and 8.5
kOe corresponding to 0, 22.5, and 90'. (b) 30 ML spacer layer:
ferromagnetic resonances occurred at 16.2, 13.4, and 6.4 kOe
corresponding to 0, 17.5', and 90. The vertical gain corre-
sponding to (a} was 4.9 times the vertical scale corresponding to
(b). The heavy horizontal bar indicates a field interval of 1 kOe.

ior shown in Fig. 1 was typical for all of our samples. In
particular, they all exhibited a dramatic increase in signal
strength as the applied magnetic field was rotated out of
the plane. This increase in absorption derivative ampli-
tude was the consequence of a decrease in FMR
linewidth. The minimum linewidth occurred for a rota-
tion of the field through approximately 20 out of the
plane; the minimum linewidth ranged from 100 to 200 Oe
(see Fig. 3). The linewidth for the perpendicular
configuration (80=90') was usually found ta be larger
than the linewidth for the parallel configuratio (6H =0 )

although the signal strength for the perpendicular orien-
tation was always found to be stronger than the signal
strength for the parallel configuration. This can be pai'-
tially attributed to an increased active area for FMR ab-
sorption when the field was oriented perpendicular to the
specimen plane. The rf magnetic field lines are radially
directed for the cylindrical TED, mode. In the parallel
configuration the rf and static magnetic fields are nearly
parallel over much of the specimen area and so these
areas do not contribute strongly to the microwave ab-
sorption. On the other hand, in the perpendicular
configuration the rf and static magnetic fields are perpen-
dicular over the entire specimen area and ns n result the
entire exposed area contributes to the absorption. T'he
field corresponding to maximum micmmavc absorption
was taken to be the field midway between the fields corre-
sponding to the absorption derivative extrema; it is es-

timated that this field value was uncertain tn —+60 Oe
due to noise on the signals. Absorption linewidths were
uncertain by a similar margin.

BLS experiments were carried out on the specimens
having copper spacer layer thicknesses of 3, 12, 15, aiid
30 ML. The signals were generally weaker than signals
measured' ' using single 3-ML-thick fcc iron Nms
grown on Cu(0011, and the linewidths were quite broad.
The best data were obtained using the specimen having a
30-ML-spacer layer, Fig. 2. The frequency increase &or

fields less than -6 kOe occurs because the magnetization
begins to turn out of the specimen plane at low magnetic
fields; in zero applied field the magnetization is directed
along the specimen normal. ' ' The linewidths were ap-
proximately 2 GHz for fields less than 7 kOe; they ap-

peared to be approaching the instrumental resolution
(-0.5 GHz) as the magnetic field was increased to 11
kOe. The 2-GHz spread in frequencies shown in Fig. 2 at
an applied field of 7 kOe represents frequencies measured
at different places on the specimen. The light used for
the BLS rneasurernents was focused to a spot approxi-
mately 20 pm in diameter so that it could be used as a
kind of microprobe to examine the spatial variation of
magnon frequencies. The magnon frequencies appeared
to vary in an erratic manner from place to place on the
sample —this provides direct evidence for spatial inhomo-

geneity of the magnetic properties of these films. All four
specimens examined using BLS exhibited variations in

magnon frequencies of the order of 2 GHz as the probe
spot was removed from place to place on the sample.
The sample containing a 15-ML-spacer layer exhibited
particularly broad magnon lines for fields less than 8 kOe;
they were —10 GHz wide. It appeared that the magneti-
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FIG. 2. Magnon frequency vs applied magnetic field for a
magnetic bilayer composed of 3-ML-thick fcc Fe(001) films

separated by a 30-ML-thick fcc Cu(001) spacer layer. The mag-
netic field was applied parallel with the specimen plane
(OH =0'). Magnon frequencies were measured with a precision
of approximately 0.5 GHz by means of BLS using 5145 A laser
light incident at 45' in the backscattering configuration. Fre-
quencies measured at different places on the specimen resulted
in the -2 GHz variation at 7 kOe shown in the figure: a varia-
tion of 2 Ghz corresponds to a variation of 0.68 kOe in resonant
magnetic field. The solid curve was calculated using the para-
meters listed in Table I obtained for this specimen using the
FMR data. The dashed line was calculated using the same pa-
rameters except that 4m.M,I= —6.0 kOe instead of the value
—6.34 kOe required by the FMR data.

zation in this sample was not fully saturated for in-plane
magnetic fields less than -8 kOe: the linewidth de-
creased dramatically as the applied field was increased to
10 kOe. This behavior would be consistent with the pres-
ence of relatively strong antiferromagnetic coupling be-
tween the two iron films as was deduced from the Kerr
effect data. '

The variation of FMR linewidth with the orientation
of the applied magnetic field is shown in Fig. 3 for the bi-
layers having spacer thicknesses of 3 ML [Fig. (3a)] and
30 ML [Fig. (3b)]. All of the specimens which we mea-
sured exhibited qualitatively similar variations of
linewidth versus applied magnetic field angle.

ANALYSIS

The results of the FMR absorption measurements will
be compared with a model in which the average magneti-
zation density M, in a film of thickness d makes an angle
of OM with respect to the film plane when an external uni-

form magnetic field is applied at an angle 80 with respect
to the film plane. It is assumed that H and M, lie in the
x-z plane, Fig. 4. It is further assumed that x,z lie along
the cubic axes of the crystal. It is supposed that all the
spins across the film precess in phase when they are dis-
turbed from their equilibrium orientation. This hy-
pothesis can be confirmed for a thin film by detailed cal-
culations. '

The magnetic free-energy density of the system is taken
to have the form

600
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z
~ 2OO-

100—
(a)

F=FH+FD+F„+Fs ~

where FH is the contribution due to the applied magnetic
field H,

FH = HM, cos( HH
——8~ ) erg lcm

the demagnetizing field energy is given by
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FIG. 3. Variation with magnetic field angle OH of the FMR
linewidth measured for two 3-ML-thick fcc Fe(001) layers
separated by an fcc Cu(001) spacer layer. 6H =0' corresponds to
a magnetic field applied in plane: (a) 3-ML spacer layer. (b) 30-
ML spacer layer. The solid lines were calculated using the
relevant parameters from Tables I and II.

FIG. 4. Geometrical configuration used in the text to discuss
the absorption of microwave radiation falling at normal in-
cidence on the surface of a thin magnetic slab having a thick-
ness d. The uniform magnetic field H and the saturation mag-
netization density M, make angles of 8H and 0~ with respect to
the film plane.
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FD =2nD, M, sin OM erg/cm (3) M=M, +m,

For a thick crystal the demagnetizing coefficient is given
by D, =1. For an ultrathin crystal D, is expected to be
less than 1 (see Ref. 20). The contribution to the free en-

ergy per unit volume due to magnetocrystalline anisotro-

py can be written

2

-4
my

M,

4

2 M,

4

m,—E„
S

erg/cm (4)

F,„,(=—K~)sin 8~ —K&&sin 8M erg/cm2 ~ 4 2 (5)

will therefore have the same effect as a volume free-

energy contribution of the form

U1 . 2 U2 . 4 3sin OM
— sin OM erg/cm

Volume and surface contributions to the anisotropy ener-

gy can be separated if measurements can be carried out
for a range of film thicknesses. In the present case this
separation into volume and surface contributions was not
possible because data for only one thickness was available
(3 ML=5.4 A). For the sake of definiteness, it was con-
venient to ascribe the perpendicular anisotropy entirely
to either volume or surface terms; we have chosen to de-

scribe our results in terms of a surface free energy of the
form (5).

Given a particular applied field direction I9H, the equi-

librium magnetization direction OM is determined from
the requirement that the free-energy density be a
minimum. Small oscillations around the equilibrium
configuration can be calculated from the Landau-Lifshitz
equations of motion:

=(MXH, s) — MX
y' ~t y M,

(7)

where

The anisotropy terms in Eq. (4) may include both volume
and surface contributions. In very thin magnetic films

any surface energy terms which arise because of the bro-
ken symmetry at the surfaces become important. ' Our
films are so thin that a torque exerted on a surface spin is
transmitted to all of the interior spins by the very strong
exchange interaction. ' ' A surface free-energy term of
the form

(9)

and a=x,y, or z. h(t ) in (9) is a time-varying microwave
magnetic field. The last term in (7) is a damping torque
in the Gilbert form, and G is the Gilbert damping param-
eter whose units are per second (Hz). The magne-
tomechanical ratio is given by y =g~ e~ /2mc; for
g =2.000 one has y = l.7588 X 10 rad/Oe s.

For simplicity, consider a microwave plane wave hav-
ing its magnetic vector polarized along y falling at nor-
mal incidence on the specimen (Fig. 4). It is assumed
that the ferromagnetic thin film is mounted on a thick
conducting substrate. A microwave plane wave incident
on a conducting surface will be rejected with an ampli-
tude which is very nearly equal to the amplitude of the
incident wave, but its electric vector will be reversed so
that the total electric field amplitude at the metal surface
will be very nearly equal to zero. The magnetic field
components in the incident and rejected waves add in
phase so that the rf magnetic field amplitude at the sur-
face is just twice the amplitude in the incident wave.
Furthermore, if the magnetic film thickness is very small
compared with the microwave skin depth, 5, then the rf
magnetic field in the film will be nearly uniform and equal
to twice the amplitude in the incident wave. This con-
clusion has been checked by solution of Maxwell's equa-
tions using the appropriate boundary conditions and the
bulk conductivities for copper and iron. The skin depth
in bulk iron at 300 K and for a frequency of 36 GHz is
given by 5=+c /4m. coo =0.59 pm. At FMR the skin
depth is reduced approximately by a factor of 10. In our
experiments each iron film was only 5.4 A thick, and the
two films were separated by 60 A of copper at most. It is
therefore very reasonable to use a model in which the
magnetizations in the two films are driven by the same
microwave Geld.

The magnetic response of a thin magnetic film driven
by a uniform magnetic field of the form

h~ =hoexp( i cot)— (10)

can be obtained from the Landau-Lifshitz equations (7).
The calculation is most conveniently carried out in the
rotated coordinate system x,y,z, of Fig. 4. This is a
natural system for describing the motion of the magneti-
zation since in equilibrium the magnetization lies along
one of the axes. Using the free-energy expressions (4) and
(6), the result of the calculation is

my
Xyy

0

where

[H —(i co /y )( G /yM, ) ]M,

[H (iso/y)(G—/yM, )][H, (ice/y)(G—/yM, )]—(co/y)

H =H cos(8H —8M)+ "(cos 8M —3 sin 8Mcos 8M)+H4sin 8~(sin 8M —3cos 8~)+4aM, fr(cos 8M —sin 8M)H M

(12)
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and

2E,
~ 4

H, =H cos(8H —8~)+ cos 8~ —4vrM, asin 8~+H4sin 8~ .
S

(13)

In Eqs. (12) and (13) we have introduced the definitions

4aM, g =4~D,M, —

2E ii 4EU~
H4 +

2Ev,
dM,

(14)

(15)

It can be shown from Maxwell's equations2~ that the
average rate at which energy is absorbed per unit area
from the microwave driving field by the magnetic film is
given by

d h =
Im(gyes )

The absorption coefficient for the film can be written

a =16vrd(ai/c )Im(y» ), (17)

since the average rate at which microwave energy is car-
ried to the specimen surface is (S, ) =(choi/32ir) per
cm: remember that ho is the rf magnetic field amplitude
inside the magnetic film and therefore the incident mag-
netic field amplitude is ho/2. According to this theory,
the absorption at fixed frequency in the parallel and per-
pendicular configurations is very nearly a Lorentzian
whose linewidth is approximately (co/y )(6/yM, ) Oe.
However, when the external static field is applied at some
intermediate angle the angle between the magnetization
direction and the plane, 8M, varies with the applied field
strength. 2i This dragging effect causes the absorption
linewidth to become soinewhat larger than that corre-

sponding to 8&=0. We have written a computer pro-
gram with which the variation of absorption with field
strength at fixed frequency can be calculated taking into
account the change of magnetization angle with field
strength. The output of the program gives the field cor-
responding to niaximum absorption, H„and the field in-

terval between absorption derivative extrema, i.e., the
linewidth hH. Measured resonant fields were compared
with calculated resonant fields for approximately 20 an-
gles uniformly spread between the parallel configuration,
8H=O', and the perpendicular configuration, 8+=90'.
The effective magnetization, Eq. (14), the fourth-order
effective field, H4, Eq. (15), the g factor, and the magnet
error angle, 50H, were varied to produce the best least-
squares fit between the observed and calculated resonant
fields. The parameter 58ii was included because it was
difficult to determine to better than 1 —2 the inagnet an-

gle setting which corresponded to an in-plane magnetic
field orientation. The damping parameter G was not used
as a fitting parameter because the resonant field H„ is

very insensitive to G; we used the value determined from
the absorption linewidth (see below). The volume anisot-
ropy parameter K,~ was set equal to zero because the
FMR field was found to be independent of field orienta-
tion in the specimen plane within the experimental uncer-
tainty of —100 Oe. The results obtained froin these fits
are listed in Table I along with the root-mean-square
values for the residuals. The quality of the fits obtained
was excellent; in most cases the difference between calcu-
lated and observed resonant fields was less than 50 Oe.
The worst fit was obtained for the 30-ML-Cu spacer lay-
er; see Fig. 5.

TABLE I. Parameters used to describe the variation with out-of-'plane angle of the FMR resonant magnetic field measured at 36.3
GHz and at room temperature. 4+M,ff=4nD, M, 2'~, IdM, a—nd H~ 4EUildM=, [see Eqs. (12) and (13) of the text and following.
It is assumed that the amsotropies are due to surface terms]. Negative 4+M,s means that the magnetization will be oriented perpen-
dicular to the specimen plane in zero applied magnetic field.

Cu spacer
layer

thickness d
(ML)

3
9

12
14
lsb
15
16
17
19
22
30

2.091
2.083
2.077
2.082
2.096
2.062
2.072
2.070
2.081
2.102
2.068

—4aM, g

(kOe)

4.17
5.34
6.04
4.76
5.89
6.09
5.45
5.33
5.10
6.15
6.34

—H 4

(kOe)

0.28
0.048
0.054
0.064
0.37
0.34
0
0.015
0.093
0.10
0.21

Root-mean-
square residual

(Oe)

35
20
28
35
30
37
28
22
21
16
51

Second-order
surf. param. '

EU&

(erg/cm )

1.19
1.25
1.28
1.22
1.27
1.28
1.25
1.25
1.23
1.28
1.29

Fourth-order
surf. param. '

EU2
(10 ' erg/cm )

—6.6
—1.1
—1.2
—1.5
—8.5
—7.9

0
—3.5
—2.2
—2.3
—4.8

'Using 4aM, =21.55 kOe, D = 1, and d =5.4 A.
Independent measurements using the same 15-ML-spacer layer specimen.
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distributed around its mean value (KU, ) according to a
C aussian distribution:

1 KU1 & KU1&
P(KU, ) ~ exp

2 ~sr
(18)

We needed an extra degree of freedom in order to fit the
linewidth data both for parallel and perpendicular iiiag-
netic fields as well as at the angle corresponding to
minimum linewidth. We therefore have assumed that
variations in the second-order anisotropy parameter,
PU„are accompanied by variations in the fourth-order
anisotropy constant, KU~. Thickness variations could
provide one plausible source for such a coupling between
variations in these two parameters since both terms in tlie
free-energy expression for F, are inversely proportional
to thickness, Eq. (6). We have used the relation

KU2= (KU2 ) +X~(KU, —(EU, ) ) . (19)

ABSORPTION I INKWIDTH

According to the simple theory described in the previ-
ous section, the FMR linewidth should increase slightly
as the magnetic field is rotated out of the specimen plane.
It should reach a maximum for angles 8~ between 40'
and 50 and then decrease so that the linewidths become
the same for the parallel and perpendicular
configurations. This behavior is shown in Fig. 7, curve
(a), where the angular dependence of the linewidth has
been calculated using G =3.78 X 10 Hz and the other pa-
rameters for the 3-ML-sparer layer specimen, Table I. A
comparison between Fig. 7, curve (a) and the linewidth
data for this specimen shown in Fig. (3a) clearly shows
that the data cannot be described by the simple theory
using an angularly independent damping parameter.

The damping parameter measured for bulk metals at
room temperature to date has been found to be indepen-
dent of orientation. The BLS data suggest that the speci-
men is composed of many regions having slightly
difFerent magnetic properties. We have therefore ana-

lyzed our linewidth data using the model of inhomogene-
ous line broadening suggested by Purcell et al. (It is in-

teresting to note that a similar model was used by Ross-
ingi~ to discuss linewidth broadening in thin Permalloy
films. ) According to this model the specimen is com-
posed of a large number of independent absorbers all hav-

ing the same g factor and intrinsic magnetization but
having different anisotropy parameters. We have no data
on the thickness dependence of the anisotropies but, for
the sake of simplicity, we have assumed that in these
films they are entirely due to surface effects; this seems
very plausible since most of the atoms in the film are sited
at a surface. Thus in the expression for the effective mag-
netization, Eq. (14), the term proportional to K„has been
set equal to zero. Similarly, in the expression for the
fourth-order anisotropy field, H~ [see Eq. (15)j, the term
proportional to K,~ has been set equal to zero. The
linewidth inhomogeneous broadening is assumed to be
due to a distribution in the two surface anisotropy pa-
rameters KU, and KUi [see Eq. (6)j.

The surface energy parameter EU, is assumed to be

20

016
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&12
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FIG. 6. Calculated variation of the FMR resonance field vs

out-of-plane magnetic field angle for a 3-ML-thick film having
the uniform magnetic properties listed in Table I for a 3-ML-
spacer layer but for three values of the second-order surface en-

ergy parameter, KU, . (a) KU1=1.07 erg/cm . (b) KU1=1.19
erg/cm . (c) KU, =1.31 erg/cm'. This figure illustrates the in-

sensitivity of the resonant field to a distribution of KU, values
when the magnetic field is applied at an angle of -22' to the
film plane.

A normalized Gaussian probability distribution was used
to calculate the magnetic field dependence of the absorp-
tion in an inhomogeneous specimen having due regard
for the dependence of the magnetization angle Hst on field

in each subregion. The introduction of the distribution
(18) has the effect of broadening the absorption line at all
angles 0~, but the maximum broadening occurs at 0' and
at 90'. The dramatic decrease in linewidth which is pre-
dicted to occur for angles near 20', in agreement with ex-
periment, can be understood with reference to Fig. 6. In
Fig. 6 the FMR resonance field has been calculated for
three different values of the surface energy parameter

KU, : a value corresponding to the mean deduced from
the resonance field data for the 3-ML-spacer specimen,
KUi=1. 19 erg/cm, see Table I, and values which are
10% larger and smaller than this mean value. It is obvi-

ous from Fig. 6 that the resonant field value becomes rel-

atively insensitive to variations in KUi for angles near 22',
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FIG. 7. Calculated variation of the FMR linewidth vs out-
of-plane magnetic field angle for a 3-ML-thick magnetic film

having the properties listed in Tables I and II for a 3-ML-thick
spacer layer. (a) No variation in the anisotropy parameters;
O.K =0 and X& =0. (b) A Gaussian distribution of the second-
order surface energy parameter, EU&, but no variation in the
fourth-order anisotropy parameter, EU2 [see Eq. (6)];
O.K=7.75X10 ' but X&=0. (c) A Gaussian distribution of
both the second-order surface anisotropy parameter EU& and of
the fourth-order surface energy parameter KU2,
oK=7.75X10 ' and X& =0.124.

thus the minimum inhomogeneous line broadening must
occur near that angle. It is further clear from Fig. 6 that
the linewidth at 90' should be larger than the linewidth at
0' in the absence of any contribution from variations in

EU2. In fact, the term in EU2 does not affect the field at
which resonance occurs when OH=0'; the maximum
effect occurs for OH =90'. Therefore variations in this pa-
rameter can be used to adjust the 90' linewidth without
affecting the 0' linewidth. The calculated variation of
linewidth with field angle is shown in Fig. 7 for parame-
ters appropriate for the specimen containing a 3-ML-Cu
spacer layer. It can be seen from this figure that the
minimum linewidth is essentially equal to the linewidth
expected for a homogeneous specimen. We have used the
observed linewidths at 0', at 90', and at the angle corre-

FIG. 8. FMR linewidth vs out-of-plane magnetic field angle
for two 3-ML-thick fcc Fe(001) films separated by 14 ML of fcc
Cu(001). The solid curve was calculated using the procedure de-

scribed in the text and using the relevant parameters listed in
Tables I and II. For this specimen, and for the specimens con-
taining spacer layers 9 and 16 ML thick, the calculated
linewidths tend to be larger than the measured linewidths for
angles around 50'.

sponding to the minimum linewidth to determine the
three fitting parameters 6, O.z, and X~. These three pa-
rameters are not completely independent and therefore it
was necessary to use an iterative procedure to determine
them. The results are listed in Table II. These parame-
ters were found to provide a satisfactory description for
seven of the ten specimens which we investigated: the cal-
culated curves shown in Fig. 3 are typical for this group.
The linewidth curves calculated using the parameters list-
ed in Table II for spacer thicknesses of 9, 14, and 16 ML
are in less satisfactory agreement with the observations;
see Fig. 8: the calculated linewidths are somewhat too
large for angles near 45'. Apparently the simple model
which assumes a direct proportionality between fluctua-
tions in EU, and EUz does not work well for these three
specimens. There is no other obvious way in which these
three specimens differed from the majority of the bilayer
specimens.

TABLE II. Parameters used to describe the variation with out-of-plane magnetic field angle of the FMR linewidth measured at
36.3 GHz and at room temperature. See Eqs. (18) and (19).

Cu spacer
layer

thickness d
(ML)

3
98

12
14'
15"
15b
16'
17
19
22
30

Gilbert
damping

parameter G
(10 Hz)

3.78
2.68
2.71
2.34
3.00
3.29
2.20
3.24
3.64
2.76
2.16

Half-width
distribution 4@M,ff

(kOe)

0.17
0.10
0.18
0.23
0.28
0.18
0.30
0.18
0.16
0.24
0.19

Half-width
distribution

+Uls +K
(10 ' erg/cm')

7.75
4.77
8.24
8.77

12.9
8.13

13.7
8.44
7.25

11.0
8.73

Xg

0.12
—0.24

0.03
—0.17
—0.17

0.02
—0.25
—0.15
—0.11

0.25
0.06

'Less satisfactory fit to the linewidth data. See Fig. 8.
Independent measurements using the same 15-ML-spacer layer specimen.
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DISCUSSION

The results of measurements on ten bilayer specimens
demonstrate that single-crystal fcc Fe(001) films grown
on copper can be prepared with reproducible properties
even though each film is only 3 ML thick. The data also
demonstrate the relative ease with which FMR absorp-
tion methods can be used to obtain g factors and anisot-
ropy parameters for ultrathin magnetic films. The utility
of the FMR technique is based upon its good sensitivity
and the high precision with which frequency and reso-
nant magnetic fields can be routinely measured.

The g factor for 3-ML-thick fcc Fe(001) films was
found to be g =2.08+0.02. This value is very similar to
that measured for bulk iron and for ultrathin bcc iron
films, ' i.e., g =2.09. Polarized neutron reflection ex-
periments have shown that the magnetization density in
3-ML-thick fcc Fe(001) films, 4nM, =19.0+6 kOe, is
similar to the magnetization density for bulk bcc iron,
4~M, =21.6 kOe. It appears that the basic magnetic
properties of fcc and bcc iron are not very different.

These fcc iron films are found to be characterized by an
out-of-plane magnetic anisotropy which is sufficiently
large to cause the magnetization to be oriented perpen-
dicular to the specimen plane in zero applied magnetic
field. The effective field corresponding to this anisotropy
is -27 kOe since 4~M,&- —5 kOe [see Eq. (14)]. As-

suming that this effective field can be ascribed to surface
energy terms of the form given in Eq. (5), the principal
term, the second-order term in which the energy is a
quadratic function of the normal magnetization com-
ponent, corresponds to a surface energy KU, = 1.25
erg/cm when averaged over all samples. This is the sur-
face energy contributed by both surfaces of the film. The
surface energy for a single fcc iron-copper interface
would be 0.63 erg/cm, which is very comparable to that
measured for the iron-silver interface ' using a 10-ML-
thick film (0.81 erg/cm ), and measured for the iron-gold
interface ' using a 10-ML-thick film (0.47 erg/cm ).

A discrepancy of approximately 1/2 kOe was found be-
tween values of the effective magnetization required to fit

the BLS data and values of the effective magnetization
deduced from the angular dependence of the FMR reso-
nance field at 36 GHz. This is illustrated for the speci-
men having a 30-ML-Cu spacer layer in Fig. 2. From
this figure it can be seen that the BLS data are more con-
sistent with a value 4aM, &= —6.0 kOe than with the
value 4m.M,&

= —6.34 kOe deduced from the FMR data.
The reason for this discrepancy is not known. It may in-
dicate that the anisotropy energies are slightly field
dependent. The maximum parallel field used for the BLS
measurements was 11 kOe; this can be compared with the
FMR resonant field value of 15 kOe observed for the
parallel configuration. The discrepancy cannot be due to
an increase of saturation magnetization with increasing
applied magnetic field due to an angular spread of rnagne-
tization directions in the plane: any increase in 4m.M,
would cause the value of 4aM, & to increase, i.e., to be-
come less negative rather than more negative with in-
creasing field as is observed.

A smal1 fourth-order anisotropy term, which we have

arbitrarily ascribed to a surface term specified by the pa-
rameter KUz [see Eq. (5)], was required to properly fit the
FMR resonance field data: its value averaged over all
specimens was found to be KU2= —3.6X10 erg/cm .
When the magnetization was oriented along the specimen
normal this term created an effective field,
H4=4KU2/dM„whose magnitude was found to be 0.16
kOe when averaged over all samples; its direction was op-
posed to the second-order anisotropy field HU. The mag-
nitude of KU2 was found to fluctuate from specimen to
specimen around the mean by an amount comparable
with the mean value. Moreover, the distribution in EU2
values within a given specimen required to explain the ex-
cess FMR linewidth observed when the applied field was
oriented perpendicular to the specimen plane was compa-
rable with the mean value of EU2. If this fourth-order
term has any physical significance at all it must be very
sensitive to specimen morphology.

The FMR linewidth in ultrathin fcc Fe (001) films was
found to be dominated by inhomogeneous line broaden-
ing when the field was applied along one of the "natural"
orientations i.e., when applied either along the film nor-
mal or applied parallel to the thin-film plane. The
linewidth measured for ultrathin Co films grown on Pd
was also found to be dominated by inhomogeneous line
broadening for fields applied in plane or along the speci-
men normal; the linewidth in these films decreased from
-0.88 kOe for an in-plane applied field to a minimum of
-0.44 kOe for fields applied at an angle of -35 to the
plane. This phenomenon is likely to be encountered
whenever a film is subject to an anisotropy which tends to
rotate the magnetization out of the plane. It follows that
in such cases out-of-plane FMR linewidth measurements
should be carried out in order to determine the linewidth
for an equivalant homogeneous specimen. The damping
parameters 6, corresponding to an equivalent homogene-
ous specimen which were determined for the present
films, were found to range from (2.2—3.8) X 10 Hz. These
figures can be compared with the values 6 =5.7X10 Hz
measured for 3-ML-thick bcc Fe films grown on Ag and
6=1~ 8X10 Hz for 9.5-ML-thick bcc Fe films grown
on Ag. The damping parameter measured for room-
temperature bulk bcc iron ' is 6=0.7X10 Hz. Very
likely much of the damping in these ultrathin iron films
was caused by the relaxation of the magnetization due to
two magnon processes facilitated by surface roughness;
the surfaces undoubtedly contained many atomic steps.
In principle, the contributions to the damping due to in-
trinsic processes such as spin-orbit coupling could be
separated from two-magnon processes by measuring the
frequency dependence of the equivalent homogeneous
linewidth. ' The slope of linewidth versus frequency
would be proportional to the intrinsic damping contribu-
tion, and the zero-frequency intercept would provide a
measure of the contribution due to surface roughness and
other physical defects in the films.

A variation of —+1/o in the perpendicular effective
field due to anisotropy is a11 that is required to explain the
observed inhomogeneous line broadening in our iron bi-
layers. If this anisotropy is ascribed to a surface energy
term, then the effective field which enters the torque
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equations, HU=2EU, /dM„ is inversely proportional to
the film thickness. The relatively stnall variation of HU
from place to place in these samples indicates that the
average thickness is very uniform.
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