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Evidence of Long-Wavelength Collective Excitations in Magnetic Superlattices
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We report on a mechanism of dynamic dipolar coupling in magnetic superlattices via long-wavelength
nonevanescent fields. In the spin excitation spectra of our heterophase stripe structures, such interactions
mediate a singlet < doublet crossover in the frequency regime driven by the orientation of an external
static field. This crossover is a new feature observed in collective behavior of superlattices, though there is
some analogy of this phenomenon with birefringence taking place in optical superlattices. We envision
applying the collective effects described here in microwave photonic devices.
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The spectrum of collective excitations in solids with
spatial modulation of their physical properties (superlattice
structures) strongly depends on the product of the wave
number Q and modulation period D [1-4]. In magnetic
structures, a well-established mechanism of (super)collec-
tive excitations is the interlayer interactions via evanescent
dipolar fields [5—7]. These fields having Q ~ 1/D origi-
nate from the surface modes propagating along the layers
in vertical structures (deposited multilayers). In the long-
wavelength limit (QD < 1), the fields tend to reduce to
zero [8], so the spectrum reduces to a simple summation of
independent contributions of each constituent in a super-
lattice. Different behavior could be expected in lateral
structures (patterned films), in which the modes are able
to propagate across the interfaces providing common com-
ponents of the long-wavelength fields [9,10]. However, the
wave numbers of the modes excited in real finite systems
are conventionally limited to Q ~ 1/D because of spin
pinning at the interfaces [11,12]. Basically, any experimen-
tal observation of long-wavelength collective excitations
would be of general interest because the long-wavelength
approximation is equivalent to substituting a superlattice
by a homogeneous anisotropic medium [13,14]. This an-
isotropy, for instance, in optical superlattices gives rise to
their useful properties (e.g., birefringence) [14].

Here we present a real magnetic system that falls out of
the conventional behavior and demonstrates the features of
collective excitations associated with the long-wavelength
limit (LWL). Our samples are lateral heterostructures pat-
terned directly by laser beams in Fe-based alloyed films
[15] and having one-dimensional periodic modulation of
the static magnetization M. In the spin excitation spectra of
such systems, we find a crossover from the two-frequency
(doublet) to single-frequency (singlet) peak, as the orien-
tation of an external magnetic field H is changed with
respect to the direction of periodicity. Qualitatively, we
explain the observed crossover by the effects of the long-
wavelength (OD < 1) nonevanescent fields [that is, these
fields in bulk are given by h = —47(n - m)n, where m is
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the dynamic magnetization and n the unit vector along the
direction of propagation]. With a reorientation of H, dy-
namic field components alter to obey the usual electromag-
netic boundary conditions at the interfaces between the
constituents. This ability results in the drastic changes in
the excitation spectrum we report here. To quantitatively
explain the observed behavior, we have calculated the
eigenfrequencies in the LWL approximation [9,10] of a
lattice of two subsystems of stripes having different mag-
netizations. In other words, we ignore the effects of spin
pinning at the interfaces of our systems. Surprisingly, we
find both qualitative and quantitative agreement of the
experimental data with results of our calculations. The
obtained results are stimulating for both further fundamen-
tal research of spin dynamics in magnetic superlattices and
possible applications in microwave magnetic devices [16].

Our samples are prepared in two steps. The first step was
pulsed laser deposition of small (~1 A) portions of mag-
netic (Fe) and nonmagnetic (V) species alternatively onto
Si substrates. The total film thickness was varied in the
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FIG. 1 (color online). Initial sample characterization.

(a) Laser-induced enhancement of the magnetization M in Fe-
V layers at different Fe content in the range of 65%-70%.
(b) MFM image of a 0.9-um-period stripe lattice patterned
directly by two interfering laser beams in a 12-nm-thick Fe-V
layer. (c) Schematic view of distribution of the magnetizations in
a 300 Oe field applied in situ. (d) Cross section of the MFM
response of the patterns, which is indicative of the ratio of stripe
widths, as distances between N and S poles.
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range from a few tens to a few hundred nanometers. Short-
pulse laser annealing of such alloyed films initiates a phase
separation in them on the scale of a few nanometers and
growth of Fe-enriched clusters [17]. These rearrangements,
in turn, cause an enhancement of the overall magnetization
M measured at room temperatures. The magnetization in
annealed samples depends on both the initial magnetiza-
tion (Fe content) and the intensity of laser annealing. As
shown in Fig. 1(a), laser-induced increase in the magneti-
zation starts at the threshold fluence of ~0.2 J/cm? for
different Fe contents. Films with compositions of 65%—
70% Fe are the most interesting for patterning. Above 70%
of Fe the samples do not exhibit pronounced modification
in the magnetic properties, whereas below 65% of Fe the
as-deposited samples are not ferromagnetic (at least, at
room temperatures).

The second step was direct patterning of the as-
deposited films over areas of ~1 MM? with a single laser
shot of nanosecond duration by two interfering beams of
approximately equal intensity with a radiation wavelength
of 532 nm (the second harmonic of a Nd:YAG laser). At
fluences close to the threshold, the film magnetization was
changed mostly in interference maxima. In Fig. 1(b) we
show a typical magnetic force microscopy (MFM) image
of a 0.9-mm-period lattice of stripes patterned in a 12-nm-
thick Fe(65%)-V sample. To take the image with North (N)
and South (S) magnetic poles pronounced at the interfaces,
the magnetization was saturated by 300-Oe field applied
in situ along the direction transverse to the interfaces
[Fig. 1(c)]. As the cross-section analysis of the MFM
imaging reveals, the ratio of the stripe width to the lattice
period is about 0.5 [Fig. 1(d)].

To measure the spin excitation spectra, we employ a
pump-probe technique with direct optical excitation of spin
precession [18], which is based on a MIRA 900 femto-
second laser system (a pulse duration is 150 fs, radiation
wavelength is 800 nm, and power output is 0.8 W). In these
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FIG. 2 (color online). Crossover in the excitation spectra.
(a) Magneto-optical Kerr response of patterned Fe-V films, at
the two edges of Fe compositions (70% and 65%), as a function
of time delay in the two particular configurations of H: ¢ = 90°
and ¢ = 0°. (b) The corresponding FFT spectra at ¢ = 0°
(lower curves) and ¢ = 90° (upper curves). (c) FFT spectra
taken at different ¢ for a sample with Fe content of 65%.

experiments, the pump and probe beams were focused to
spots with diameters of 10-20 xm and then scrupulously
overlapped. The diameter of pump spot was optimized so
that spin precession could effectively be excited and, on the
other hand, the LWL could still be achieved experimentally
by retaining the spot size much larger than the period of our
structures D. The dynamic magnetization was measured by
detection of transient magneto-optical Kerr response at
different orientation angles ¢ of H with respect to the
stripes. The field was slightly tilted out of plane to induce a
canted orientation of the magnetization and thus to in-
crease the signal-to-noise ratio [18].

Figure 2(a) shows the Kerr response measured as a
function of pump-probe delay at H = 3.0 kG for the latti-
ces at the two edges of the range of Fe concentrations (70%
and 65%). The spectra are shown for two particular ge-
ometries, parallel and transverse orientations of H with
respect to the stripes. We mark a drastic change in the
behavior of precession decay with a reorientation of H.
Indeed, in the parallel configuration (¢ = 90°) one ob-
serves beats in the oscillations, whereas in the other ge-
ometry (¢ = 0°), the decay occurs in monotonous manner.
The modal structure of the motion is immediately apparent
from the time domain. In Figs. 2(b) and 2(c) we show the
fast Fourier transformation (FFT) of the spectra corre-
sponding to the parallel and transverse configurations
(upper and lower curves, respectively) (b), as well as to
the spectra taken at other angles ¢ (c). As seen, the
frequency spectra indicate a singlet state at ¢ = 0°. As
the orientation of H is changed to the parallel configura-
tion (¢ = 90°), we observe a gradual broadening of the
single-frequency peak with a subsequent crossover to the
doublet state with a maximum splitting of Af., = 3.8 =
0.3 GHz at ¢ = 90°. These features—the broadening and
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FIG. 3 (color online). Two-frequency regime: modified fre-
quencies. Comparison of measured frequencies of the lower
peak with those in the as-deposited sample. The frequencies
are given as functions of H. The solid curve is a fit to the
measured frequencies in the as-deposited sample with M =
0.25 kG (65% Fe) and y = 2.8 GHz/kG according to w =
YH(H + 47M)"/2. Inset: Measured deviation of the difference
between upper and lower frequency in the double peak from that
difference for noninteracting stripes calculated from Eq. (5) in
Ref. [12].
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splitting of the frequency peak—are of potential interest to
use such heterostructures in microwave magnetic filters
[16] whose bandpass could be varied by the reorientation
of H.

Another experimental observation is that the measured
frequencies in the two-frequency regime (¢ = 90°) differ
from those which would be in a system of noninteracting
stripes. We find that the lower frequency is lower
(=0.5 GHz) than that in the as-deposited sample
(Fig. 3). Here we also show the frequencies in a homoge-
neous medium, which are calculated as w = y[H(H +
477M)]"/? and fitted to the measured frequencies in the
as-deposited sample (solid curve). Laser annealing, how-
ever, causes only an enhancement of the magnetization
[Fig. 1(a)] and thus an increase of the precession fre-
quency. Therefore, interstripe interactions should be taken
in account. Furthermore, we find a difference between the
measured spitting in the double-frequency peak and the
calculated difference in the frequencies in a heterosystem
of noninteracting stripes. These quantities are shown as
functions of H in inset of Fig. 3. As seen, the measured
splitting is practically constant for a broad range of H. In
contrast, the difference calculated for noninteracting
stripes, taking in account spin pinning at their edges
[Eq. (5) in Ref. [12]] (solid curve in inset of Fig. 3),
strongly decreases with lowering H. The aspect ratio of
stripes (thickness to width) taken for calculation is 0.020 =
0.005, which corresponds to the real parameter. The error
we evaluate for the aspect ratio is shown by appropriate
thickening of the curve.

To understand the obtained experimental results, we
develop a theoretical model upon the basis of earlier treat-
ments of magnetic superlattices within the LWL approxi-
mation [9,10]. As a model system, we consider a thin layer
of thickness ¢, which consists of alternating stripes of two
different magnetic materials with widths w;, saturation
magnetizations M, and gyromagnetic ratios y;, where j =
1, 2. The length of stripes is assumed to be infinite com-
pared to the two other dimensions. The stripes are incorpo-
rated into dense arrays but without direct contact between
adjacent stripes (i.e., no exchange coupling between the
stripes) to form a superlattice with a period D = w; + w;.
The lattice lies and is rotated in the xz plane, and H is
oriented along the z axis. As t < D under our experimen-
tal conditions, one can neglect the in-plane static demag-
netizing factors and thus can assume that M, is oriented
along H. While neglecting all exchange terms, the effec-
tive field in each kind of stripes consists of only two terms:
the Zeeman field H and dynamic dipolar field k;. Since m
alter in space because of the nonuniformity of pumping
over the excited location, generated h(,- have the nonzero
long-wavelength components in the lattice plane. In this
case, the permeability tensor for each of two constituents
takes the form given, for instance, in Refs. [9,10]. In our
rigorous analysis we ignore the pinning effects at the
interfaces and assume that the quantities m; and h; are

constants within the first and second media over a whole
period of the superlattice. Since the tangential component
of dipolar field and the normal component of magnetic
induction are continuous across interfaces, the appropriate
field components are everywhere equal to their average
values. Then, the other field components can be expressed
via these common fields and averaged over the period. This
standard procedure gives the effective-medium permeabil-
ity tensor [9], whose components connect the averaged
values of the fields. The nonzero component of the tensor,
which is very essential in our considerations, is given by

¢ =0,
¢ =m/2

where A=r/xy,+(1—r)/x2 B=rvi/x: + (1 —r)vy/xa2,
C=rp+0=rm 0= —vD/x;, x;=
1+ QH(j)/(QH(j)Z - QJZ), Vi = 1+ QU)/(QHQ)Z - Q?),
Quj = H/47M;, Q; = w/(47y;M;), and r = w,/D.
It is crucial to understand that, in the transverse configu-

ration (¢ = 0), the effective medium is isotropic (uslf =

uST) and all the effective-medium tensor components re-
sult from simple averaging over the superlattice period. In
this sense, the transverse configuration is analogous to the
ordinary beam propagating in a birefringent medium. The
electromagnetic boundary conditions applied to such a
geometry provide a unified dipolar field in the system
and thus the same precession frequency for the both con-
stituents. However, in the parallel configuration, the
effective medium becomes anisotropic (uSf # udh) (ex-
traordinary beam) and a difference 47 (m, o) — m,))
arises between the dipole-field components transverse to
the interfaces. To understand the difference in the modal

structure between these two geometries, we look for plane-
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FIG. 4 (color online). General picture of the frequency behav-
ior. (a) Schematic diagram of the calculated frequencies in a
lateral superlattice heterostructure with two different magnet-
izations. (b) w_, wy, and w as functions of H at M| = 0.25 kG
and M, = 0.45 kG (lower band) as well as M; = 1.1 kG and
M, = 1.3 kG (upper band). These frequencies correspond to the
measured frequencies (shown by symbols) in patterned Fe-V
films with Fe content of 65% and 70%.
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wave solutions [19] of the Walker equation for the effective
medium. Substitution of these solutions into the Walker
equation while taking into account the thin-film geometry
leads to the dispersion relations for the guided and surface
modes, which are identical to those derived in Ref. [10]. In
the thin-film limit (¢ << D), the dispersion relations reduce
to (@) = 0, so the modes become nondispersive. In
the parallel configuration, u,,*"(w) =0 is a biquadratic
equation with solutions

1
0l = i[a)% + \/w? — Hwlws + r(1 — Aw*], ()

where o = 0% + w,? + fifr(4myAM)?, > =
Y*H(H +47M,,), Ao* = (0, — 0,?)?, and AM =
M, — M,. In the transverse configuration, u,,*"(w) =0
reduces to the quadratic form with a positive root, which is
the root-mean-square of w; and w,:

wy = \/ra)% + (1 - rei. 3)

In the two-frequency regime, we see that the superlattice
frequencies w, and w_ differ from w; and w,, which
would be in the individual layers with magnetizations M
and M,,i.e., w; > wy, > wy > w; > w_ [Fig. 4(a)]. Thus,
interstripe interactions cause broadening of the bandpass
from w, — w; to Wy — w_.

Figure 4(b) shows the calculated frequencies as func-
tions of H with M; = 0.25 kG and M, = 0.45 kG (lower
band) as well as M; = 1.1 kG and M, = 1.3 kG (upper
band). These values are compared with measured frequen-
cies (shown by symbols) in patterned Fe-V samples at the
two edges of the range of Fe concentration (65% and 70%).
We find that, in the two-frequency regime, the measured
frequencies of the upper and lower peaks coincide, respec-
tively, with w; and w_ (see also the inset of Fig. 3).

Finally, we address the question of why our systems do
exhibit such unusual properties associated with achieving
the LWL. Because of spin pinning at the interfaces, it is
hard to expect that the proposed mechanism of interstripe
coupling would be effective. For a better understanding of
this paradox, in particular, it can be useful to take into
account intrastripe exchange, which comes into play in the
submicron structures by making a more uniform distribu-
tion of the dynamic fields in the lowest precession mode
and the spins unpinned at the interfaces. In fact, if we
increase the lateral sizes of our structures up to a few
micron or above, we lose the collective effects described
here. However, in our studies of larger structures we cannot
provide sizes of the pump spot that would be much larger
than D under the current experimental conditions.

In summary, we have observed pronounced collective
effects on spin dynamics in lateral magnetic superlattices.
The observed features are explainable in terms of the long-
wavelength approximation by involving the nonevanescent

dipolar fields generated by the nonuniform spin precession.
This mechanism of interstripe coupling can be effective in
the absence of interfacial spin pinning and interstripe
exchange coupling. The observed behaviors can exist in
other (nonmagnetic) types of superlattices. Another point
is that the collective effects, which we have found in our
structures, make them promising to be applied in novel
microwave devices with a H-orientation-driven bandpass
in a frequency range above 10 GHz, which is of great
interest for different applications, both civilian and
military.
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