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Nonmonotonic thickness dependence of spin wave energy in ultrathin Fe films:
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High wave-vector spin waves in ultrathin Fe/W(110) films up to 20 monolayers (MLs) thick have been
studied using spin-polarized electron energy-loss spectroscopy. An unusual nonmonotonous dependence of the
spin wave energies on the film thickness is observed, featuring a pronounced maximum at 2 ML coverage.
First-principles theoretical study reveals the origin of this behavior to be in the localization of the spin waves
at the surface of the film, as well as in the properties of the interlayer exchange coupling influenced by the
hybridization of the electron states of the film and substrate and by the strain.
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I. INTRODUCTION

Understanding of the elementary magnetic excitation such
as spin waves (SWs) in ferromagnets, and the processes gov-
erning the spin dynamics on the atomic length (107'° m) and
femtosecond time scale (10713 s), is one of the challenging
topics in modern solid-state physics.! In particular, exploring
high wave-vector SWs in low-dimensional magnets and their
response to the reduced dimensionality, hybridization effects
and strain, is essential to understand the intrinsic properties
such as microscopic exchange interaction, magnetic order-
ing, and spin dynamics. Besides those core physical proper-
ties, high-energy SWs are also linked with phenomena such
as fast magnetization reversal, polarized current induced
magnetization switching, and domain-wall motion. This
knowledge is crucial for designing faster and smaller spin-
tronics devices.> Recent experiments indicate that the cou-
pling between electrons and high-energy SWs is a possible
coupling mechanism leading to  high-temperature
superconductivity.>*

Bulk SWs can be studied by means of inelastic neutron
scattering®® but the method cannot be applied to ultrathin
films because it lacks surface sensitivity. SWs in thin films
and on the surface can be probed by ferromagnetic resonance
and Brillouin light scattering'-’ but those techniques are lim-
ited in a very small wave-vector region around the Brillouin-
zone center. Recently, inelastic scanning tunneling
spectroscopy®® has been used to excite standing SWs in
magnetic thin films but the method does not provide in-plane
momentum resolution. Up to now, only the spin-polarized
electron energy-loss spectroscopy (SPEELS) (Refs. 10-13)
is capable of probing high-energy genuine surface SWs
across the whole surface Brillouin zone. The applicability of
SPEELS has been firmly established by mapping the SW
dispersion relation in 1- and 2-monolayer (ML)-thick Fe/
W(110) films.!*!> Combined with first-principles theoretical
approaches SPEELS can help to refine microscopic models
of nanomagnets.'¢-18
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In this work we present an experimental attempt to deter-
mine directly and systematically the properties of high-
energy SWs in ferromagnetic Fe thin films of varying thick-
ness. We discover that for the investigated in-plane
momentum transfers q between 0.5 and 0.7 A~ the energy
of SWs, w,(q), is a nonmonotonous function of the thickness
n (expressed in ML), with a distinct maximum for a 2-ML-
thick film. An accompanying first-principles theoretical study
of the SW excitations uses the clear experimental trend to
choose between two complementary scenarios of polarized
electron scattering. The theory suggests that the SWs excited
in the experiment are localized at the surface of the film.
Both the hybridization with substrate and the atomic relax-
ation of the Fe film are important for the nonmonotonous
behavior of the SW energy.

This paper is structured as follows: In Sec. II we intro-
duce the experiments on preparation, characterization, and
SPEELS measurements of the Fe thin films on W(110). In
Sec. III we present the experimental and theoretical results
focusing the discussion on the nonmonotonous thickness de-
pendence of the spin wave energies. The conclusions will be
finally given in Sec. IV.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacuum
chamber with a base pressure below 5X 107!'! mbar. The
ultrathin Fe films, with thickness between 1 and 20 ML were
prepared by molecular-beam epitaxy at room temperature.
After the deposition of Fe, the samples underwent a slight
annealing in order to improve the structural quality.!® The
thickness uncertainty was well below 10%. Subsequently, the
hysteresis loops of the films were recorded by the magneto-
optic Kerr effect (MOKE) measurements in the longitudinal
geometry. In the MOKE measurements the magnetic field
was applied along the in-plane [110] direction.

The SPEEL spectra were measured in the magnetic
remanent state using a high-performance SPEEL
spectrometer.!®!> The total-energy resolution was between
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FIG. 1. (Color online) (a) LEED patterns for the clean W(110)
substrate and the Fe thin films of different thicknesses on W(110).
(b) The magnetic hysteresis loops measured by MOKE. The experi-
ments are performed at room temperature except for the 1 ML
Fe/W(110), which is measured at about 120 K.

20 and 30 meV. The degree of spin polarization P of the
electron beam was 0.65 = 0.08. Energy resolved detection of
outgoing electrons allows the determination of energy and
in-plane momentum loss caused by the excitation of surface
SWs. The spin of the incident electrons can be parallel either
to the minority (down, |) or to the majority (up, T) electrons
of the ferromagnetic samples, and so two intensity spectra, /|
and 7y, are obtained for the scattered electrons. A SW can be
created only by the incidence of minority electrons due to the
conservation of the angular momentum.'' The SW peak is
found in the / | spectrum or, more clearly, in the difference
1 -1

III. RESULTS AND DISCUSSION

The LEED patterns of the Fe films with different thick-
nesses are shown in Fig. 1(a). Sharp bee (110) p(1 X 1) spots
were observed on 1 ML Fe/W(110), which indicate the
pseudomorphic growth of the first Fe layer on the W(110)
substrate. The dislocation lines and dislocation networks start
to appear subsequently in 2 ML and a bit thicker Fe films as
proved by the appearance of satellite spots. To have a
dislocation-free Fe surface a 20 ML Fe film was prepared
and the sharp LEED spots represent a well-defined bee (110)
surface. The magnetic hysteresis loops of the Fe thin films
measured by MOKE are shown in Fig. 1(b). The MOKE
results indicate that all the Fe thin films are ferromagnetic

with the easy axis of magnetization along the in-plane [110]
direction. As the Curie temperature for 1 ML Fe/W(110) is
about 220 K,20 the MOKE and the later SPEELS measure-
ments were performed at 120 K. The LEED and MOKE
results show that the structural and magnetic properties of
the Fe films are all consistent with the previous studies.?!?

Figure 2 shows typical SPEEL spectra measured on 2 ML
Fe/W(110) with the wave-vector transfer of 0.5 A~! along
the in-plane [001] direction. Both the /| and I, spectra are
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FIG. 2. (Color online) The SPEEL spectra measured with in-
plane wave-vector transfer 0.5 A~ The up triangles (/;) and down
triangles (1)) represent the intensity spectra of scattered electrons
for the incidence of majority and minority electrons, respectively.
The difference between the two spectra (1 =1 T) is shown as circles.
The scattering geometry is schematically illustrated in the inset. The
spin wave is probed with the wave vector along the [001] direction
with the magnetization easy axis along the [110] direction. The
incident energy of electrons is about 4 eV.

dominated by the quasielastic peak located at 0 meV energy
loss. Since only minority electrons can create SWs in the
sample, the inelastic peak due to the SW excitations can be
easily distinguished at about 50 meV, where the excitations
only create a pronounced peak in the /| spectrum. One may
also notice another excitation located at about 120 meV. It is
attributed to the vibrational excitations due to the adsorption
of hydrogen atoms at surface.?? Since vibrational excitations
are mediated by the Coulomb interaction, they are of
nonspin-flip nature, which are evidenced by the almost iden-
tical peaks in both /; and /; spectra. It is more convenient to
analyze the magnon peak in the difference spectrum defined
as | —1;, where the nonspin-flip excitations are almost can-
celed out. The scattering geometry is schematically illus-
trated in the inset. The in-plane momentum transfer is given
by the scattering geometry g=k;sin(®y—0)—k;, where k;
and k; are, respectively, the magnitude of the wave vectors of
the incident and scattered beams, O is the angle between the
incident beam and sample normal, and ® is the angle be-
tween the incident and outgoing beams. In this work, ® is
kept at 80° for all the measurements. © varies according to
the desired surface wave-vector transfer.

Figure 3 presents SPEEL spectra measured for two in-
plane momentum transfers 0.5 and 0.7 A~!. A pronounced
spin-dependent inelastic peak can be clearly seen at the en-
ergy loss about 40 meV, corresponding to the excitation of
SWs. The SW energy changes nonmonotonously as the film
thickness increases for both in-plane momentum transfers
considered. SWs in 1 ML film have the lowest energy and
experiences a sudden increase at 2 ML film. A local mini-
mum is seen at about 4 ML and then the energy increases
slightly in the thicker films. The asymptotic value of SWs
energies is reached only at a relatively large coverage,
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FIG. 3. (Color online) The SPEEL spectra, /; and /| measured
for Fe films from 1 to 20 ML and the corresponding difference
I,—I,. The wave-vector transfers are 0.5 A~ (left) and 0.7 A~!
(right). The spectra for 1 ML are obtained at 120 K with incident
energy of 3.8 eV. The other films are measured at room temperature
using the incident energy of 4 eV. The energy resolution of the
incident electron beam is about 20 meV.

around 7 ML. It should be noted that the Fe film thickness
above 2 ML coverage is not uniform due to the statistical
growth of Fe.!! The spectrum contains excitations from
patches of different thicknesses on the surface. Nevertheless,
the tendency of the SW energies is clearly visible. For even
higher wave vectors (>0.7 A™"), the trend is still preserved,
however, due to broadening of the spectrum, the change is
not clearly discerned as in the lower wave-vector case.

No straightforward physical argument exists to explain
the observed nonmonotonous behavior. In the case of Co/
Cu(100) films the SPEELS measurements could be inter-
preted by means of a nearest-neighbor Heisenberg model
with the exchange integral taken from the bulk.!® A similar
assumption for the Fe/W(110) system fails since it would
result in ,(q)=w,u(q)(2n-1)/2n, ie., w,(q) monoto-
nously approaching the bulk value of SW energy from be-
low.

To properly take into account the electronic structure of
the film we performed first-principles adiabatic spin dynam-
ics calculations based on density-functional theory (DFT).
Within this approach the atomic magnetic moments are re-
garded as rigid entities precessing around the direction of the
ground-state magnetization. The energies of the spin wave
excitations are evaluated by means of parameter-free DFT
calculations for the spiral magnetic structures with a given
wave vector. This type of calculations allows also the map-
ping of the itinerant electron system onto a Heisenberg
Hamiltonian'” and determination of the effective parameters
of interatomic exchange interactions. We assume that the
ground state is collinear with the magnetization pointing
along the z direction. The direction of an atomic moment i is
determined by two angles, see Fig. 4, panel U. The polar
angle 6; is the angle between the moment and the z axis and
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FIG. 4. (Color online) Angles 6; of the surface mode for several
selected coverages and momentum transfers; the values are normal-
ized to the deviation in the uppermost layer taken to be 30 in the
calculations. Above 0.5 A" all curves follow roughly one univer-
sal 6;(q) dependence.

urface

can be associated with the amplitude of a spin wave on a
given atomic site. The azimuthal angle ¢; determines the
phase of the moment in its precessional motion and is deter-
mined by the momentum of the spin wave, ¢;=q-s;, where s;
stands for the position of the ith atomic site. We estimate the
SW energy w(q) as the difference between the energy of the
configuration of moments forming the SW, E({6;},q), and
the ground-state energy E,

ola) = T (E0}.0) - By, m

where AM=3,(1-cos 6)M,, M; being the magnetic moment
of the atom at site i. The normalization ensures that each SW
changes the system magnetization by 2ug. We determine
E({6;},q) using the spin-spiral technique.?* It allows to find
@’s self-consistently: once a subset of angles is constrained to
a specified value, the other angles are found (“relaxed”) such
that in the self-consistent state the spin-density matrices of
the unrestricted sites are diagonal in the atomic coordinate
systems.

The adiabatic spin dynamics neglects the presence of
single-electron spin-flip excitations (Stoner excitations),
therefore no prediction regarding the SWs’ lifetimes can be
made. However, the method provides a reliable account of
the spin wave energies.?

The small penetration depth of electrons in SPEELS ex-
periment raises an important question about the spatial local-
ization of the magnetic excitations measured in this experi-
ment. Two limits can be considered: (1) the incoming
electron excites mainly the uppermost (surface) magnetic
moments while the dynamics of the deeper layers arises as a
secondary effect due to the exchange coupling with the top
layers or (2) the magnetic moments of all layers are equally
involved in the excitation process and the spin wave mode is
uniform with respect to the depth of the film. The present
understanding of SPEELS does not allow us to make an
a priori choice between these two scenarios. We perform a
comparative study of both limits and relate the results of the
calculations to the experimental data, focusing, in particular,
on the maximum of the spin wave energy for the 2 ML film.
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FIG. 5. (Color online) Energy of the SW modes (normalized to
g% as a function of the film thickness; experimental results are
compared to the theoretical calculations. Selected curves are shifted
upward for the sake of improved clarity. The mode with the ampli-
tudes (6 angles) of the moments forced to be equal in all film layers
is marked with “U” ((J) while the surface mode bears symbol “S”
(A). All theoretical curves pertain to the momentum transfer of
0.5 AL

The two limits are modeled as follows: in the uniform case
the moments of all layers are restricted to deviate by the
same angle 6. To simulate the excitation localized at the
surface, only the angle 6 of the moments of the surface layer
is constrained whereas the directions of the moments of other
layers are allowed to relax to self-consistent values.

We found that the relaxed magnetic configuration of the
inner layers depends strongly on the wave vector of the SW.
For q=0 we obtained the expected result that the moments of
all layers deviate by the same angle @ as the constrained
atomic moments of the surface layer, i.e., we obtained the
collinear ferromagnetic structure rotated by the angle 6 with
respect to the original ground-state configuration. The uni-
formly rotated spin structure has exactly the same energy as
the original one, which follows the Goldstone theorem stat-
ing that the energy of the q=0 SW must be zero in the
absence of magnetic anisotropy, which we neglect. With in-
creasing momentum transfer the deviation of the relaxed mo-
ments decreases with respect to the surface layer and with
increasing depth of the layer, see Fig. 4. The degree of local-
ization of the excitation also increases with decreasing the
wavelength of the excitation.

First we performed calculations for the atomically unre-
laxed films, characterized by the interlayer distances corre-
sponding to the lattice parameter of bulk W. For both spin
wave modes we get a strong increase in the excitation energy
at the transition from 1 to 2 ML. For 1 ML film both modes
are identical and have the same energy but for greater cov-
erage they differ noticeably, Fig. 5. For the comparison with
experiment it is important to note that the uniform mode
does not have any maximum at 2 ML thickness. The energy
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of this mode increases monotonously up to 4 ML and has a
weak local minimum at 5 ML. On the other hand, the
surface-type mode is much closer to the experimental behav-
ior: the energies at 2 and 3 ML thicknesses are practically
identical whereas they decrease noticeably starting from 4
ML. A possible reason for the less pronounced nonmonoto-
nous behavior compared to experimental curves will be dis-
cussed below.

We now comment on the role of the substrate. We deter-
mined w,(q) dependence of the uniform mode for the free
standing films. As seen in Fig. 5, the curve has a qualitatively
different character than for the supported film. The energies
for 1 and 2 ML are almost identical. From 2 to 3 ML the
energy increases strongly and for greater coverage reaches
monotonously the asymptotic value. This reveals the impor-
tance of the nonmagnetic W(110) substrate for the magnetic
properties of the Fe film. The hybridization of the Fe and W
states strongly influences the electronic structure of the film
and in turn the exchange parameters and SW dispersion
relation.?

Returning to the supported films we took into account the
atomic relaxations by using the interlayer distances deter-
mined experimentally.’?” Accounting for atomic relaxation
results in a significant change in the SW energy in Fig. 3.
The surface-type mode is now very similar to the curve ob-
tained in the experiment, with a clear maximum at the 2 ML
thickness.

The remarkable difference of energies for 1 and 2 ML
films has its origin in the interlayer exchange coupling, nec-
essarily absent in the single monolayer film. (The interlayer
exchange is defined as J?], =2 J;r0, Where the Heisenberg
exchange integral J;,,» connects the moment s in the layer /
with the moment s’ in the layer I’.) The maximum of w,(q)
observed at n=2 is the result of strong interlayer coupling
J9,=86.5 meV in this system. We found that this fact seems
to be a general property of Fe/W(110) films that the inter-
layer coupling is increased by 10-25 % between the two up-
per layers compared to pairs of deeper layers. This observa-
tion applies equally to the structurally unrelaxed and relaxed
films. In the case of 2 ML coverage and structurally relaxed
film the increase is particularly strong. Somewhat surpris-
ingly the intralayer exchange energy, at least for the wave
vectors considered, changes rather weakly with the thickness
and the interlayer distances, so the variations in SW energies
are mainly determined by the changes in J?l,. The latter quan-
tity reaches its minimum for the relaxed film at 6 ML cov-
erage. Additionally, we note that the energy is generally
smaller in the case of the unrelaxed film, where J?l, varies

very weakly with the coverage reaching a value of around
61.0 meV for J9,.

Although the calculated dependence of the SW energy on
the film thickness agrees with experiment the theoretical en-
ergies are higher than measured ones.’®?’ The unusual soft-
ening of the SW energies in Fe/W(110) films was noticed
earlier and did not yet found its explanation. The account for
Landau damping of the SW, because of the decay of the SW
into Stoner excitations, can lead to the decrease in the SW
energies, although the effect is not expected to be sufficient.
Recently, it was shown that quantum corrections can lead to

094438-4



NONMONOTONIC THICKNESS DEPENDENCE OF SPIN...

the softening of the SW excitations.>* These corrections are
however strongly suppressed by the Hund’s coupling. It re-
mains an open question why the softening is observed for Fe
films but is absent in the case of Co films.!>3! This important
issue should be the topic of separate study.

IV. SUMMARY

In summary, we report a combined experimental and the-
oretical investigation of the SW excitations in thin Fe films
grown on W(110). The experimental excitation energy shows
nonmonotonous behavior with respect to the film thickness
with a distinct maximum for 2 ML film. The results of the
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density-functional theory calculations suggest that the SWs
excited in the SPEELS experiment have an amplitude decay-
ing with the depth of the layer. We demonstrate that account-
ing for the hybridization with the substrate and the atomic
relaxation in the film is crucial for the theoretical description
of the experiment.
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