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Determination of magnetic anisotropy in Fe/Cu multilayers:
Equivalence of dynamic and static measurements
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The magnetic anisotropy of Fe/Cu multilayers has been investigated using dc magnetization, fer-
romagnetic resonance, and Brillouin light scattering. All three techniques yield equivalent results,
which can be attributed to the lack of higher-order terms in the uniaxial anisotropy energies. The intrin-
sic anisotropy is first-order uniaxial with the easy axis perpendicular to the layers and is interpreted with
a simple phenomenological mdoel utilizing a surface anisotropy of 0.32 erg/cm at each interface.

In recent years there has been considerable interest in
the magnetic properties of metallic multilayers. ' For
reasons related to magnetic recording procedures there
has been particular interest in the strong perpendicular
surface anisotropy observed in some Fe and Co superlat-
tices. ' For sufficiently thin magnetic layers, the intrin-
sic out-of-plane anisotropy has been observed to be
greater than the shape demagnetizing field (4aM, ) so
that the magnetic easy axis is out of the plane. Although
the origin of the surface anisotropy has been attributed to
the lowered symmetry at the interface other contribu-
tions such as magnetocrystalline anisotropy energy in-
volving strain, crystallographic orientation, and electron-
ic effects are also being considered.

Traditional techniques utilized in determining anisot-
ropy include static magnetization (SM) measurements,
torque magnetometry, and magneto-dynamic techniques
such as Brillouin light scattering (BLS) and ferromagnetic
resonance (FMR). Favorable comparison between dy-
namic techniques (FMR and BLS) has been reported in
determining the magnetic anisotropies of Co/Cu superlat-
tices. In addition, comparisons have been made between
dynamic and static techniques used in determining inter-
layer coupling energies in epitaxial trilayer systems.
However, significant discrepancies have been reported
when comparing dynamic and static techniques in deter-
mining interface anisotropy in magnetic multilayers. ' A
factor of 5 difference in the magnitude of the interface an-
isotropy was determined in Mo/Ni superlattices using
FMR and SM techniques. Similar differences were ob-
served in Fe/Pd multilayers comparing BLS with SM
techniques. These differences have been attributed to
higher-order contributions to the anisotropy energy.
With this in mind, the present investigation of Fe/Cu su-
perlattices employs both static (SM) and dynamic (BLS
and FMR) techniques to carefully evaluate the anisotro-
py. Our interest in Fe/Cu stems from the magnetization
studies which imply that the anisotropy is well described
by only a first-order term. In this case, we expect to ob-

tain good agreement between static and dynamic tech-
niques and thereby test the proposed explanation of pre-
vious discrepancies. Although the techniques we use
have been used extensively to study the anisotropy of thin
films and superlattices, we are aware of no direct compar-
isons of the results obtained by all three techniques. Our
present results show good agreement in the determina-
tion of the intrinsic anisotropy in Fe/Cu multilayers us-
ing FMR, BLS, and SM.

Fe/Cu superlattices with modulation wavelengths (A)
ranging from 10 to 300 A and with equal Fe and Cu
thicknesses were prepared by dc magnetron sputtering
onto ambient-temperature sapphire and Si substrates. A
Cu layer of 500 A was grown as a base layer on which the

O

superlattice, of total thickness -2700 A, was deposited.
The base pressure was (2—4) X 10 Torr, the Ar pres-
sure during deposition was 2 mTorr, and the sputtering
rates were close to 5 A/sec.

The crystal structure as determined by x-ray diffraction
on similar samples has been reported in detail else-
where. ' M vs H curves, measured using a vibrating-
sample magnetometer, yielded the saturation magnetiza-
tion and static anisotropy energy density. The Brillouin
scattering experiments were performed at room tempera-
ture using a (5+2)-pass tandem Fabry-Perot interferome-
ter" and a single-mode argon ion laser operating at 514.5
nm. Magnetic fields, ranging from 1 to 6 kG, were ap-
plied in the plane of the film and perpendicular to the
magnon propagation direction. FMR measurements at
9.2 GHz were made with the applied field in the plane of
the film using a standard TE102-mode cavity-based spec-
trometer.

Figure 1 shows a typical magnetization loop measured
on a A=20 A Fe/Cu sample for the magnetic field ap-
plied parallel and perpendicular to the layers. The Fe
volume used in the magnetization calculation is deter-
mined utilizing the magnetic layer thickness obtained by
x-ray analysis. The room-temperature saturation magne-
tization M„extracted from the M-H loops, is shown as
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FIG. 1. A room-temperature magnetic hysteresis loop for a
A =20 A Fe/Cu multilayer measured parallel and perpendicular
to the film. The inset shows the saturation magnetization for
equal-layer-thickness Fe/Cu multilayers plotted as a function of
the inverse Fe layer thickness. The line is a linear least-squares
fit to the data based upon a model described in the text.

an inset in Fig. 1 and varies linearly with 1/dF, . Assum-
ing we are measuring the average of a reduced interface
magnetization for the first atomic plane and a constant-
volume value in the layer interior, one obtains a volume
M, of 1520 emu/cm and an interface moment which is
reduced 30/o relative to the center of the layer. Volume
M, values lower than that of bulk Fe have been observed
in other studies of sputtered Fe/Cu superlattices' ' and
with Mossbauer studies. ' The Mossbauer results showed
that the two monolayers closest to the interface had a re-
duced hyperfine field relative to the center of the layer.
The hyperfine field at the center of the layer was 315 kQe
which is reduced from the bulk value 330 kOe.

Square in-plane M vs H hysteresis loops were observed
and coercivity values were less than 10 Oe for samples
with dF, &10 A. For samples with smaller modulation
wavelengths there was an increase in both the coercivity
and the field required to saturate the in-plane moment.
The linear approach to saturation in the perpendicular
direction clearly indicates the absence of any higher-
order terms in the anisotropy energy. The fact that per-
pendicular saturation field is much lower than that ex-
pected for shape anisotropy alone (4~M, =17 kG) indi-
cates an additional uniaxial anisotropy contribution. The
area between the parallel and perpendicular loops gives
the total anisotropy energy density (DM, /2), where D is
the total effective uniaxial anisotropy field which can be
written as a linear combination of the shape anisotropy
and the intrinsic anisotropy H, according to

a=4aM, —H, .

H, )0 (H, &0) implies an easy axis normal to (coin-
cident with) the film plane. For the A=20 A sample
shown in Fig. 1, the derived value of D is 9.0 kG which
corresponds to an anisotropy field H, =8.0 ka.

Although a general solution of magnetic excitations in
layered systems is available in the literature, ' its stagger-
ing complexity (involving more than 10 adjustable pa-

rameters) and the requirement of numerical methods to
obtain a solution, make it unattractive for most compar-
isons with experiment. The other case which has been
treated theoretically is the one in which all anisotropy
fields (surface and bulk), exchange coupling, and inter-
layer coupling are ignored. ' ' With these approxima-
tions it is possible to derive analytical expressions for the
magnetic excitations that describe experimental Brillouin
scattering results well. ' In the present case the forms
of the energy contributions of the shape anisotropy and
perpendicular anisotropy fields are identical. It is there-
fore reasonable to replace the shape anisotropy (4', ) in
the expressions from Refs. 16 and 17 by D =4+.M, —H, .
In the case of infinite wavelength (q =0) excitations ob-
served in FMR this approximation can be shown to be
rigorously valid.

For a superlattice with equal magnetic and nonmagnet-
ic layer thicknesses, the above considerations lead to the
prediction of a band of magnon modes described by'

co=y[H(H+D)+D w/4]' (2)

For nonzero wave vectors and a finite superlattice with X
layers, one expects N discrete frequencies over the range
0 w ~ 1.' The strong feature observed at the top of the
band corresponds to w = 1 so that the highest feature ob-
served in the Brillouin spectra is given by

co=y[H+D/2] . (4)

Equation (4) corresponds to a surface magnon on a
semi-infinite medium. When dealing with a film of finite
thickness (T), a correction term must be added. Equa-
tion (4) takes the form '

co =y [(H+D/2) (D/2) e ~ ]—,

where q is the magnon wave vector. In Ref. 16, it has
been shown that the surface mode in a superlattice decays
only in the magnetic layers; therefore it is reasonable to
regard T as the total magnetic thickness (1350 A). Equa-
tion (5) can then be fitted to the data to determine D For.
2qT) 1 and H (D/2, Eq. (5) can be recast in a linear
form so that the slope y and the intercept frequency mo
are given by

—
y( 1 + j e 2qT)

2D

Vm

Shown in Fig. 2 is a Brillouin spectrum for the same
multilayer shown in Fig. 1. The arrow indicates the
highest-frequency mode. The measured frequency shifts
of the upper mode as a function of applied field are
shown as an inset in Fig. 2. A linear fit to the data gives
a slope of 3.05 6Hz/kG. For our series of samples, the
measured slope y ranged from 3.04 to 3.13 GHz/kG,

where w is a parameter which depends on the layer thick-
ness and the magnon wave vector, y is the gyromagnetic
ratio, and H is the applied magnetic field. In the magnon
wave vector q =0 limit, the band collapses to a single fre-
quency given by w =0 so that the FMR frequency is
given by

co =y [H(H +D) ]'
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FIG. 2. Brillouin light scattering spectrum for the same
0A=20 A Fe/Cu multilayer shown in Fig. 1 measured in an ap-

plied field of 1.6 kG. The arrow indicates the highest-frequency
mode. The inset shows the frequency of the high mode versus
applied field. The line is a linear least-squares fit to the data
based upon a model described in the text. The slope of the line
is 3.05 GHz/ko and the intercept 12.1 GHz.
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FIG. 3. Intrinsic uniaxial anisotropy field determined by SM
(open squares), BLS (closed diamonds), and FMR (open dia-
monds) plotted as a function of the inverse Fe layer thickness.
The dashed line is a linear least-squares fit to the data based
upon a model described in the text and indicates an interface
anisotropy of 0.32 erg/cm .

consistent with Eq. (6) and the expected y value of 2.94
GHz/kG for pure Fe. For the A=20 A sample in Fig. 2,
the value for D calculated from Eq. (6) is 8.5 kG as com-
pared with 8.7 kG determined by fitting directly to Eq.
(5). These values are in reasonable agreement with the
magnetization result of 9.0 kG for the same sample.

Room-temperature FMR spectra were obtained in a
parallel field for different dF, . A large absorption was ob-
served, which systematically shifts to higher fields for de-
creasing modulation, and is taken as the q =0 mode of
the system. D values are extracted using Eq. (3) via the
measured value of H (the applied field where the spec-
trum crosses background), and the microwave frequency.
For the A=20 A multilayer, the resonance field is 1 kG,
which corresponds to a D value of 8.6 kG, in close agree-
ment with the BLS result.

Figure 3 shows the value of H, determined from Eq.

(1). The intrinsic anisotropy for all samples measured by
all techniques is positive, indicating an easy axis normal
to the film plane. In addition, excellent agreement is ob-
served between results obtained from different tech-
niques, validating the assumptions made in analysis of the
Brillouin results. The agreement in the Fe/Cu anisotro-
pies obtained with static and dynamic techniques is in
contrast to a number of examples in which significantly
different anisotropy values were obtained. ' The static
technique brings the moment fully to the hard direction,
whereas the dynamic techniques (BLS and parallel FMR)
merely perturb the moment through small angles about
the easy direction. Such small perturbations in a system
characterized by both first- and second-order anisotropy
energies will not sample the higher-order terms; however
a full rotation to the hard direction will measure all
terms, resulting in a discrepancy in results obtained.
Therefore the present agreement between static and dy-
namic results can be attributed to the lack of higher-
order terms in the uniaxial anisotropy.

The contributions to the intrinsic anisotropy are ex-
pected to arise from both volume (crystalline) and inter-
face effects averaged over the magnetic layer. The anisot-
ropy energy density is then commonly written as

H, M, 2E,=K„+
2 dFe

where K, is the crystalline anisotropy and 2E, /d„, is the
interface anisotropy treated in the homogeneous magneti-
zation approximation. This simple model predicts the
anisotropy will vary linearly with inverse Fe thickness,
which is realized in our sample for dF, 10 A. Fitting
the linear region in Eq. (7) gives K, approximately equal
to zero and K, =0.32+0.04 erg/cm . This is in excellent
agreement, in both sign and magnitude (0.29 erg/cm ),
with previous measurements of Fe(110)/Cu multilayers.
Measurements on epitaxial Cu/Fe(001)/Au trilayers
found the same sign, but larger magnitude (0.62 erg/cm ),
owing presumably to the different crystallographic orien-
tation and to the exposure of one Fe surface to Au rather
than both to Cu.

Equation (7) assumes a purely two-dimensional mag-
netic interface anisotropy in which the magnetization
changes abruptly at the interface. However, as can be
seen in Fig. 3, this model breaks down for d„, &10 A,
which most likely results from the finite width of the in-
terface. ' ' ' A more realistic model would characterize
the interface as having an effective interface width which
penetrates a distance L into the film. H, would then
scale inversely with the Fe thickness down to an Fe thick-
ness of 2L and would then be a constant. For our data,
this crossover occurs for the Fe thickness of =9 A which
corresponds to approximately two Fe monolayers at each
interface. This result can be compared with the room-
temperature Mossbauer results on similarly prepared
Fe/Cu multilayers presented in Ref. 10. The Mossbauer
hyperfine field distribution for a d„,= 13 A layer could be
separated into contributions from the interface which
had a reduced hyperfine field relative to the contribution
from Fe atoms in the center of the layer. For a d„,=6.5
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A layer, the hyperfine field distribution was characterized
by only interface atoms, indicating an effective interface
width of two monolayers, in agreement with the magneti-
zation results.

In conclusion, we have examined the anisotropy in a
series of sputtered polycrystalline Fe/Cu multilayers by
static and dynamic techniques. Interfacial effects, which
provide an easy axis normal to the plane of the film, dom-
inate the intrinsic anisotropy; however, owing to shape
effects, the overall anisotropy is in plane. The excellent

agreement obtained between static and dynamic tech-
niques is attributed to the lack of higher-order terms in
the interface anisotropy.
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