PHYSICAL REVIEW B 86, 165436 (2012)

Surface spin waves of fcc cobalt films on Cu(100): High-resolution spectra and comparison to theory

J. Rajeswari,"3 H. Ibach,>® C. M. Schneider,!* A. T. Costa,* D. L. R. Santos,* and D. L. Mills>"
1 Peter Griinberg Institut (PGI-6), Forschungszentrum Jiilich, 52425 Jiilich, Germany
2 Peter Griinberg Institut (PGI-3), Forschungszentrum Jiilich, 52425 Jiilich, Germany
3 Jiilich Aachen Research Alliance, Germany
4Instituto de Fisica, Universidade Federal Fluminense, 24210-346 Niterdi, R. J., Brazil
3Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
(Received 12 May 2012; published 22 October 2012)

With the help of a recently developed electron energy-loss spectrometer we have studied the surface spin waves
on an eight-monolayer cobalt film deposited on Cu(100) surfaces with unprecedented energy resolution. Standing
waves of the bulk of the film are discovered in the region of small wave vectors ¢; < 0.35 A~!. The dispersion
of surface spin waves is isotropic even for large ¢;. Because of the high-energy resolution and the complete
characterization of the electron optical properties of the spectrometer reliable data for the linewidth of the surface
spin waves are obtained. As a byproduct the dispersion of the Rayleigh surface phonon was measured. Data
are compared to theoretical spin wave spectra extracted from calculations of the transverse spin susceptibility
based on an ab initio electronic structure that incorporates both the metallic substrate and the magnetic film. The
calculation takes fully into account the itinerant nature of the electrons responsible for the magnetic moments.
The agreement between theoretical and experimental spin wave energies and linewidths is remarkably good.
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I. INTRODUCTION

The phenomenon of magnetism is characterized by a
complex interplay of competing interactions on different
length scales. Breaking the inversion symmetry by a surface
may cause additional interactions, which eventually determine
the magnetic behavior and give rise to new and unexpected
effects. Examples are the perpendicular magnetic surface
anisotropy which may reorient the magnetization in ultrathin
films to point perpendicular to the film plane,' ground states
with unexpected antiferromagnetic order, or the formation
of extended noncollinear spin structures at surfaces in the
presence of the Dzyaloshinskii-Moriya interaction.® Surface
magnetism therefore provides us with a wealth of different
magnetic ground states, which depend critically on the details
of the system under investigation. While ground states and
static properties of many surface and thin-film systems have
been investigated in some detail, less is known about their
dynamic behavior and the magnetic excitations such as spin
waves which, however, may have a profound influence on
magnetic ordering and critical phenomena. This is mostly due
to the lack of techniques with an appropriate surface sensitivity.
Lately, the development of advanced, specifically designed
electron energy-loss spectrometers has enabled experimental
investigations of surface spin wave excitations in the high-
wave vector regime.*> Early studies were made by Vollmer
et al.® with spin-resolved energy-loss spectra of fcc cobalt films
deposited on Cu(100). A considerable number of experimental
studies on surfaces of cobalt and iron films of varying thickness
have appeared since then.””!! The issues addressed in these
papers concerned primarily the dispersion of surface spin
waves, the presence of spin waves in ultrathin films down
to one-monolayer thickness,”® and the asymmetry of the spin
wave dispersion due to spin-orbit coupling (Dzyaloshinskii-
Moriya interaction).”

A characteristic feature of the surface spin waves of cobalt
and iron is their short lifetime leading to a broad linewidth
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which increases with increasing wave vector parallel to the
surface g. For wave vectors close to the boundary of the
surface Brillouin zone the width becomes so large that no clear
resonance structure is observed in the energy-loss spectrum.®
The short lifetime of spin waves is due to the itinerant nature
of magnetism in 3d transition metals: Spin waves decay
rapidly into electron-hole pair excitations involving a spin flip
(Stoner excitations). The thereby-caused Landau damping of
the spin waves is particularly strong for spin waves in thin
films and the surface spin waves of bulk materials since
the broken translation symmetry increases the number of
available channels for Stoner excitations. Since strong Landau
damping leads to a considerable renormalization of the spin
wave frequencies Landau damping cannot be considered as
a perturbation but is rather to be treated as an integral part
of a theoretical description which takes the itinerant nature
of 3d transition metals into account.'>”!> This entails that
for 3d-metal films energy and linewidth of spin waves are
two sides of the same coin and of equal interest. We note in
passing that for nickel surfaces Landau damping is so strong
that all attempts to observe surface spin waves in the high wave
vector regime have failed although bulk spin waves are clearly
observed in neutron scattering.'®

So far, reliable data on the linewidth of surface spin waves
do not exist, not even for cobalt films which provide for the
best-defined spin wave signals. An attempt by Etzkorn et al.
was restricted to the high wave vector regime'”'® because of
the comparatively low-energy resolution of their spectrometer.
Based on an estimate of the momentum resolution Etzkorn
et al. (incorrectly) disregarded the kinematic broadening
due to the finite g range accepted by the energy analyzer.
The intrinsic energy width in the medium momentum range
was therefore overestimated. As we have shown in a recent
technical publication the kinematic broadening can be quite
substantial, in particular when the spectrometer operates in a
low-resolution mode. !
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An unresolved puzzle in previous experiments was the
absence of any signs of standing wave modes in the spin
wave spectra of iron and cobalt films. This is in contrast
to observations in inelastic tunneling microscopy on anti-
ferromagnetic Mn layers.’’ Furthermore, models based on
local spin torques predict that the number of modes at any
surface wave vector matches the number of layers of the
magnetic film. Theories which calculate the dynamic magnetic
susceptibility for 3d-metal films show that for the most part
standing spin waves are overdamped so that they lose their
character as individual modes. The first standing spin wave
at low wave vector, however, should have enough strength
and low enough damping to show up in the measured spectra
along with the surface spin wave.'*!>2122 On the other hand, a
recent dynamical analysis of the Heisenberg model showed a
complete suppression of standing modes at low wave vectors
and at room temperature.”3

Because of these open questions and contradictions we
decided to revisit the issue of surface spin waves in fcc cobalt
films deposited on Cu(100). We focus on the eight-monolayer
(ML) cobalt film, first, because most of the previous data
concern that system; secondly, because the experimental
data of Etzkorn et al.” show that the surface spin wave is
practically independent of the number of layers beyond five
monolayers. With the help of our recently developed electron
spectrometer® we obtain spectra of surface spin waves of the
8-ML film as well as standing waves with the unprecedented
resolution of 7 meV for wave vectors down to ¢ = 0.23 A~
The spectrometer is presently equipped with a standard
thermal emission cathode. There are certain disadvantages and
advantages associated with the use of an unpolarized source.
Disadvantageous is that spin wave signals cannot be separated
from vibrational excitations via the spin flip associated with
spin wave excitations. This requires very clean surfaces since
vibration losses are intrinsically much more intense than spin
wave losses. On the other hand, spin waves with arbitrary
spin orientation can be studied. We have exploited this feature
by studying the spin wave dispersion along the [100] (M)
direction in addition to the previously studied spin waves
along the easy [110] (I'X) direction. Our spectrometer is
fully characterized with respect to the analyzer acceptance
angles.'” In combination with the spin wave dispersion this
permits a quantitative determination of the energy broadening
caused by the probed g range. Quantitative values for the
full width at half maximum (FWHM) for the surface spin
wave signals are thereby obtained between ¢ = 0.23 A~! and
g = 0.9 A~!. The high-resolution measurements presented
here show evidence of standing wave modes at small g. The
results are compared to a completely parameter-free theory
of the susceptibility which treats all valence electrons of the
system, both at the substrate and at the magnetic film, as
itinerant.

The paper is organized as follows: Section II deals with
details of the experimental procedures, and a brief description
of the spectrometer and the scattering geometry. The high
resolution is demonstrated with a spectrum of the surface
spin wave of cobalt showing the surface spin wave and
the standing wave. Section III presents spectra along both
high-symmetry directions for an eight-monolayer film of fcc
cobalt on Cu(100). Due to the higher resolution the dispersion
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of the Rayleigh surface phonon is obtained along with the
spin wave dispersion. Section IV is devoted to the analysis of
the spectra, in particular to the calculation of the kinematic
broadening. The true FWHM of the surface spin wave spectra
are thereby obtained. We find that in a wide range of wave
vectors the linewidth amounts to about 40% of the spin wave
energy. Section V compares the experiment to the results
of our theoretical approach in which spin wave spectra are
extracted from an ab initio calculation of the transverse spin
susceptibility.

II. EXPERIMENT

Samples were prepared in an ultrahigh vacuum chamber
equipped with facilities for low-energy electron diffraction
(LEED), Ar* sputtering, Auger electron spectroscopy (AES),
medium-energy electron diffraction (MEED), and an evap-
orator for electron beam stimulated evaporation. Prior to
deposition of cobalt the Cu(100) single crystal was cleaned by
repeated cycles of Art sputtering (0.85 keV) and subsequent
annealing at 700 K until a sharp well-ordered p(1 x 1) pattern
was observed in LEED. The Co films were deposited at a
rate of about 1.25 ML/min from a high-purity rod onto a
Cu(100) substrate held at room temperature (RT). During
evaporation the base pressure of 1.5 x 107!° mbar increased
to 6 x 107! mbar. The Co film grows pseudomorphically
on Cu(100) adopting the fcc lattice of the substrate.?* The
thickness of the film was calibrated by monitoring the intensity
oscillations of the diffracted beams in a MEED experiment.
The oscillations have monolayer periodicity characteristic of
layer-by-layer growth.”> After preparation, the samples were
transferred into a separate chamber with base pressure < 107!
mbar housing the electron spectrometer. Small traces of CO
detected by their vibration signature in energy-loss spectra
were removed from the surface by brief annealing to about
400 K which is below the temperature where interdiffusion of
Co and Cu begins (490 K).?¢

The energy-loss experiments are carried out with our high-
resolution electron energy-loss spectrometer. The spectrome-
ter features a conventional LaBg cathode as electron source
and two 143° electrostatic deflectors as monochromators and
analyzers each. Furthermore, the spectrometer is equipped
with larger slits at the entrance and exit of the deflectors
which serves to increase the monochromatic current. High
resolution is achieved by the specific design of the second
analyzer which reduces the angle aberrations in the plane
perpendicular to the dispersion plane (8 angles) at the expense
of angle aberrations in the dispersion plane (« angles). The
larger o angles are then cut off by an angle aperture between
the analyzer and detector. This ensures that electrons with large
angles with respect to the optical axis after diffuse inelastic
scattering from the sample are prevented from entering the
analyzer, whereby high resolution is maintained. Furthermore,
the spectrometer provides for about five times higher currents
than a previous spectrometer designed for studies of spin waves
featuring 90°/180° deflectors for monochromatization.>?’ The
high current in combination with the high resolution opens
up the possibility to study weak energy losses with high
resolution. A detailed description of the spectrometer can be
found elsewhere.’ Because of the conventional cathode, spin
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wave excitations can only be identified by their dispersion
rather than by spin asymmetry of the scattering as in studies
with the 90°/180° spectrometer.®!! On the positive side, the
use of an unpolarized source enables the investigation of spin
waves with arbitrary polarization, a feature that we exploit in
our study of the spin wave dispersion along the (011) (T'M)
direction). Also there is no need for orienting the magnetization
in the sample. Large wave vector spin waves are strongly
damped and travel only about a nanometer, a short distance on
the dimensions of spontaneous domains in thin cobalt films.?®

A schematic representation of the scattering geometry used
in the measurements is shown in Fig. 1(a). An incident electron
beam at angle % referenced to the surface normal with the
kinetic energy E, and wave vector k) is backscattered from
the surface. Some electrons undergo inelastic scattering and
thereby transfer energy and momentum. The intensity of the
scattered electrons with energy E; and wave vector k') is
measured at angle 6. Excitations appear as energy losses or
energy gains. For elementary excitations characterized by the
two-dimensional wave vector ¢ and the energy fiw, energy and
momentum conservation between the incoming and outgoing
electrons requires that

E; = Eg £ ho(q)) (1)
and
gy = kP sin(@") — £V sin(6D). ()

In our experiments, the angle between the incoming beam
and the scattered beam is kept constant at 90°, which is close
to the minimum angle allowed by the spectrometer design. To
keep this angle minimal enables the maximum ¢ for a given
impact energy. The scattering plane is vertical to the surface
plane. The required parallel wave vector transfer is achieved
by rotating the sample around an axis vertical to the scattering
plane. For the impact energies E used here the accuracy in
the determination of ¢ is 0.004 A~!.

Depending on the azimuthal orientation of the sample,
energies are measured with g either along [011] or along
[010] corresponding to I'X and I'M directions in the surface
Brillouin zone (SBZ), respectively [Fig. 1(b)]. The SBZ
boundary at the X point and the M point is at ggz = 1.23 A~!
and ggz = 1.74 A1, respectively.

Measurements of the dispersion require the accurate knowl-
edge of the kinetic energy E of electrons at the sample. The
energy is established in two steps. First, the pass energy Epss in
the monochromator is calculated from the deflection voltage.’
The kinetic energy is then given by

EO = Epass +eAV + e(q)graphite - q)sample)a (3)

in which AV is the voltage difference between the exit of the
monochromator and the sample and e(®graphite — Psample) 15
the work function difference between the graphite-coated exit
slit of the monochromator and the sample. The work function
difference is experimentally determined by letting the electron
beam pass by the sample with the sample surface parallel to
the beam while adjusting the sample potential to minimum
deflection of the beam.

Our data evaluation procedure is illustrated with the help
of Fig. 2. The upper panel of Fig. 2(a) shows a high-resolution
spectrum of an eight-monolayer fcc cobalt film on Cu(100)
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FIG. 1. (a) Schematic illustration of the scattering geometry used
in our experiments. For all measurements, the angle between k%
and k¥, i.e., the scattering angle, is kept constant at 90°.(b) Surface
Brillouin zone (SBZ) of the fcc(100) surface with the high-symmetry
directions T'X and I'M indicated.

for g; = —0.305 A~" along the [011] direction. The incident
electron energy is Eg = 7.1 eV. The precise value of the impact
energy is not critical. Incident energies between 5.5 and 7.5 eV
provide a high cross section for spin wave scattering and
high enough momentum to probe wave vectors close to the
zone boundary. Energy loss and gain features are assigned to
spin wave creation and annihilation, respectively, because of
their dispersion with g and also by comparison to previous
studies using a spin polarized source.® The spin wave creation
peak (energy loss) at 29.5 meV and annihilation (energy gain)
peak at —29.5 meV [marked 1 in Fig. 2(b)] are symmetric
with respect to the diffuse elastic peak showing that the
frequency of spin waves is independent of the sign of the wave
vector as expected for this system® (see, however, Ref. 9).
Owing to the high resolution and intensity, a second mode at
~ 46.5 meV [marked 2 in Fig. 2(b)] is clearly visible. The
second mode is not resolved on the energy-gain side since the
probability of having thermally excited spin waves is given by
the Bose occupation number n(fiw, T) which is small (0.17) for
a 46-meV energy loss at room temperature. The intensity on
the energy-loss side is proportional to n(iw,T) + 1.2 Because
of this energy-dependent weighting, peak 1 appears larger than
it is in relation to peak 2. For the comparison of the intensity
and shape of the spin wave signals to theory, the spectrum
in Fig. 2(b) is divided by n(hw,T) and n(hw,T) + 1 on the
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FIG. 2. (a) Spin wave spectrum measured for 8-ML Co deposited
on Cu(100) for in-plane wave vector transfer g, = —0.305 A~' along
[011] direction. The primary beam energy is £y = 7.1 eV. Loss and
gain peaks correspond to creation and annihilation of spin waves. (b)
Data as in (a), however, divided by the Bose occupation number
n(hw,T) on the gain side and by n(hw,T)+ 1 on the loss side.
Spin wave losses 1 and 2 are fitted by Gaussians (dotted line) after
subtraction of a Gaussian for the tail of the elastic line and constant
background (dashed line).

gain and loss side, respectively. The energy, intensity, and
eventually the width of the spin wave peaks (Sec. IV) are
then determined by fitting the loss side of the spectrum to one
or two Gaussians [dotted lines in Fig. 2(b)] after subtraction
of a Gaussian background tail of the elastic peak and a
constant [dashed line in Fig. 2(b)]. The solid line represents
the complete fitting function consisting of the background and
the two Gaussians for the spin wave peaks. The diffuse elastic
peak is also fitted by a Gaussian (short dashed line) to serve as
reference for energy resolution.

III. RESULTS

A series of high-resolution spectra for wave vectors in [011]
(I'X) direction ranging from g = 0.235 t0 0.434 A~"isshown
in Fig. 3(a). The FWHM of the diffuse elastic peak is about
7 meV. The primary electron energy is Ey = 7.1 eV. The
spin wave peaks are clearly seen as separate peaks down to
q) = 0.235 A~ corresponding to a spin wave energy of about
20 meV. The spectra are measured with gate times of 2-6 s
in 1-meV intervals. For smaller wave vectors (<0.3 A~!), one
sees a distinct peak with a shoulder on the high-energy side.
The distinct peak is the surface spin wave. As discussed in
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FIG. 3. (a) Series of spin wave spectra measured along [011]
direction with high resolution. Spectra are corrected for the Bose
occupation number. Two modes of spin waves are clearly visible for
low q). (b) A selection of spectra for larger g obtained with the
same spectrometer setting. The Rayleigh phonons and spin waves are
clearly distinguished. The incident beam energy in all cases is 7.1 eV.

Sec. V theory identifies the second peak as a standing spin
wave mode of the film.

Spectra measured under the same conditions, yet for larger
qy, are displayed in Fig. 3(b). The spin wave signals are rather
weak now but clearly discernible in higher magnification (see
inset). Strong loss features appear at low energies. These
energy losses are due to the excitation of Rayleigh phonons
(surface acoustic phonons polarized in the sagittal plane).*
The relatively low energies of Rayleigh phonons (compared
to spin waves) combined with the energy resolution of 7 meV
used in the experiments allowed for unambiguous distinction
between Rayleigh phonons and spin waves.

As seen in Fig. 3(b) the intensities of the spin wave losses
are rather low for larger g. This is partly due to the fact
that the spin wave features become broad. For larger wave
vectors between 0.4 and 1.0 A~! we have therefore performed
a series of experiments with lower energy resolution. The
typical FWHM of the diffuse elastic peak for this set is about
34 meV. The spectra were recorded along the T'X and the
I'M direction of the SBZ [Fig. 1(b)]. Because of the higher
intensities, gate times of 1 s were used for smaller g and
2 s for ¢y > 0.85A~1. The measurements were performed for
both positive and negative wave vector transfers.

Figure 4(a) shows a selection of spin wave spectra measured
along the [011] (I'X) direction, and Fig. 4(b) along the [010]
(T'M) direction for positive wave vector transfers. The dashed
line is a guide to the eye connecting the maxima of the loss
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FIG. 4. Series of surface spin wave spectra from an 8-ML cobalt
film deposited on a Cu(100) surface for wave vector transfers along
(a) [011] direction and (b) along [010] direction. The spectra are
offset with respect to each other along the vertical axis. The impact
energy on the sample is £y = 7 eV. The FWHM of the elastic diffuse
line is about 34 meV.

peaks. As noted before, the spin wave signal reduces at higher
wave vectors and also broadens severely.® This is due to the
increased coupling of spin waves to Stoner excitations at
higher wave vectors which imposes a strong damping (Landau
damping) on the spin waves.?> Owing to this broadening it
becomes increasingly difficult to distinguish between spin
wave and Stoner excitations beyond ¢ = 1.0 A~! (see also
Ref. 14). It is furthermore difficult to mark definitively the
maximum of the spin wave energy loss.

As an example Fig. 5 shows a spectrum for ¢y = 1.1 A~}
measured along the [011] direction: The sharp spin wave
energy loss has deteriorated into a broad structure which is
not clearly distinct from a continuum of electron-hole pair
excitations.

The dispersion of surface spin waves, of the standing waves,
and of the Rayleigh phonons along the [011] direction is shown
in Fig. 6. The open circles and triangles represent the data
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FIG. 5. Spin wave spectrum for ¢; = 1.1 A~! measured along
[011] direction. The spectrum is very broad bringing about a
considerable arbitrariness in the determination of a “peak position.”

points for the surface spin waves measured with high resolution
(7.3 meV) and low resolution (34 meV), respectively. Data
points are established following the procedures described in
Sec. II. In the overlapping range the data agree well with each
other. The peak positions of the standing waves (open squares
in Fig. 6) are determined by fitting two Gaussians as illustrated
in Fig. 2(b). The thereby-obtained values for the position of
the second peak depend significantly on the assumed width of
the standing wave peak. We have therefore added error bars
for an estimate of the uncertainty in the peak position.

The energies of the Rayleigh phonon are determined by
fitting energy loss, energy gain, and the diffuse elastic peak to
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FIG. 6. Dispersion of surface spin waves (open circles and
triangles), of the second spin wave mode (open squares) and of the
Rayleigh phonon (solid squares) along [011] direction for §-ML fcc
Co/Cu(100) system. The data points marked as circles and squares are
obtained from high-resolution spectra (FWHM = 7 meV) whereas
the triangles are obtained from low-resolution spectra (FWHM =
35 meV).
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three (overlapping) Gaussians. This procedure is justified since
phonon creation and annihilation peaks necessarily appear
at the same energy because of time reversal symmetry. The
Rayleigh phonon dispersion (marked by solid squares in Fig. 6)
shows a linear rise for small wave vectors, but becomes,
however, flat or even bends downwards near the zone boundary.
Our data are roughly consistent with Mohamed et al.’' The
downwards bending was noticed for thin Fe films deposited
on Cu(100) and interpreted as a signature of compressive
surface stress induced by the lattice mismatch between the
fcc Fe film and the substrate.’> However, this interpretation
cannot apply to the case of cobalt on copper since the lattice
mismatch between fcc cobalt [ag = 3.54 A (Ref. 33)] and
copper (ap = 3.615 A) calls for tensile rather than compressive
stress in the cobalt film which should shift the frequency
upwards. Since the Rayleigh phonon disperses linearly with g
at small wave vectors while the spin wave energy scales with
qﬁ there must be a crossover. Unfortunately, the crossover is

at about ¢ = 0.043A~" and at an energy of 0.5 meV, far too
low to be observable in energy-loss spectroscopy.

The complete spin wave dispersion with data points for
positive and negative wave vectors and for I'X direction
(squares and triangles) and I'M direction (circles) is depicted
in Fig. 7. For I'X the data agree with those reported in the
work of Vollmer et al.® In the limit of small g, the spin wave
dispersion is given by hw = Dqﬁ where D is the exchange
stiffness of the film. By applying this relation to our data for
low wave vector spin waves measured along the [011] direction
(solid line), we obtain the value of D as 346 + 14 meV AZ.
Available Brillouin light scattering (BLS) measurements on a
bulk spin wave yields a value of D = 466 + 16 meV A? as
the exchange stiffness for ~1000-A-thick epitaxial Co films
on Cu(100).>* The lower value of D in our measurements is
roughly consistent with the number of nearest neighbors at
the surface (eight as opposed to 12). Owing to the fourfold

1 ) I 1 ) )
o A TX a
200 o o ™ 2 ]
8 he= Dg? D= (346+14)meV A2 2
A I -
OA Qo
> 150} o, a ]
E oA 8
; Oa Eel
) o 8
© 100 [ A & i
C [¢] =]
v 8 .
% 8
()
o 50} .
0 1 . 1 2 2 1 n 1
-1.0 -05 0.0 05 1.0

Wave vector g, / A’

FIG. 7. Dispersion of the spin wave: Squares and triangles
represent the dispersion measured with g, along T'X while circles
mark dispersion along I'M. High-resolution data for small wave
vector are fitted with a parabolic dispersion relation, iw = Dqﬁ

52
with D & 346 meV A . Within the limits of accuracy the dispersion
is isotropic in the entire range.

PHYSICAL REVIEW B 86, 165436 (2012)

symmetry and the quadratic dependence of the frequency on
q) the dispersion is necessarily isotropic at small g;. As seen
from Fig. 7, the dispersion remains isotropic even in the limit
of large wave vectors as long as a unique peak position can be
safely assigned to a spin wave loss.

IV. ANALYSIS OF THE WIDTH OF THE LOSS PEAKS

Figure 3 shows that spin wave energy loss becomes broader
the larger its wave vector g is. A quantitative study of the
width first requires the subtraction of the broadening due to
the finite energy resolution. This correction is straightforward
as the energy resolution function is provided by the elastic
diffuse line in each spectrum [Fig. 2(b)]. In addition one has
to take into account that the spectrometer inevitably samples
spin wave signals within a finite range of angles « in the
scattering plane, equivalent to a range of wave vectors g|. By
virtue of the slope of the dispersion curve dhw/dq) the finite
range of g vectors transforms into a width on the energy
scale (kinematic energy broadening). This effect has been
discussed earlier by Etzkorn.'® Based on the measurement of
the elastic intensity vs angle Etzkorn concluded that the effect
of kinematic broadening was negligible. Our electron optical
calculations show that the range of accepted o angles cannot be
determined this way.!” The reason is that the image of the exit
slit of the monochromator moves away from the center of the
entrance slit of the analyzer upon rotation of the spectrometer
angle. Using trajectory calculations of bundles of electrons
leaving the monochromator that are scattered diffusely from
the sample and enter the analyzer within the angle range
accepted by the analyzer we can determine the acceptance
angle for diffuse scattering at the sample for any set of voltages
applied to the spectrometer lenses.'® Thereby we can calculate
the contribution of the scattering kinematics to the energy
width in a spectrum. To the best of our knowledge this aspect
has not been covered in previous literature on energy-loss
spectroscopy. We therefore briefly attend to this issue in the
following.

We first consider the scattering kinematics. For simplicity
we assume that the energy loss fiw is small compared to the
impact energy Ey. The wave vector g is

q = +/2mEo/h*{sin@) — sin9?}, “

where ) and 8/ are the angles of the electron with respect to
the surface normal before and after scattering from the surface
and m and Ej are electron mass and energy, respectively. We
consider the case where g is chosen by rotating the crystal by
the amount A6 while the mean angle between the incoming
and scattered beam remains at 90°.

q = /2mEo/h*{sin(45° + Af) — sin(45° — A)}
= \/4mEy/h*sin AG = k sin A6. (5)

If the trajectory of the emerging electron makes an angle o
with the nominal angle 6 = 45° 4+ A@ and if this electron
is accepted by the lens/analyzer combination then the wave
vector transfer for that electron is

qi(@) = Lic{sin(45° + AO + @) — sin(45° — AB)}.  (6)
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35 we find that

In agreement with the central limit theorem
the angle distribution of diffuse scattering that is accepted by

@) [

the analyzer is a Gaussian

P(a) = exp [—a®/2s

i

For simplicity we assume that the natural width of the spin

wave energy loss for a fixed g is also a Gaussian (see also

fitting procedures shown in Fig. 3)

I(®) = Iyexp {—[o — o(q)]*/(2s2)}.

®)

The intensity response function is therefore

+00
R(w) =/ exp{— 752

o]

As only small angles « contribute we can expand w(q)) as

w(q)) = o(g)(@=0) + -

R A

o = wy + ca. (10)

a=0

FWHM / meV

With the latter shorthand notation the response function

becomes
(a) _ wO)Z +oo
R(w) = -
(w) exp{ 2s2 }/_oo
202 — 2w — 2
exp | £ Z 2@ Zwo)ea ~ 2 e a1
252 2

The integral can be expressed in closed form to yield
1

W
o
T

N
o
T

10

0.5

-0.5 0.0

Wave vector g, / AT

FIG. 8. Calculated kinematic broadening of the spin wave energy-
loss peak for two different ranges of acceptance angles o character-
ized by the Gaussian variance parameters s, = 0.045 and 0.015. The
s, values correspond to FWHM of the angle distribution of 6° and 2°,

respectively. Note the asymmetry of the broadening

voltage settings used for the spectra shown in Fig. 3 (s, =
0.015) and Fig. 4 (s, = 0.045). Quite remarkably, the FWHM

is asymmetric in g;. Best resolution is therefore obtained for

positive g !
Figure 9 shows the FWHM of the experimental spin wave
spectra obtained by fitting a Gaussian to the raw data (open

/+°° czot2 — 2(w — wp)ca o d
€X ex [
oo P 2s2 P 252 “ i
(0 — wp)? 2 circles). Up to ¢ = 0.66 A~! corresponding to a spin wave
x exp{ 252 } with s1 =5 (1 + ﬂ) (12)
The final response function is then simply [011],TX
( )2 100 L O Gaussian fit to spectrum N ]
_\w—wy . O corrected for energy resolution
R(w) ocexp { 2s2 } with m  corrected for q, resolution Om, “
sl \2 13 |- - 0435, 122mev) , oo
s2—s +c2s2—s +(8 )sft “EJ i’i.
X lo=0 ~ 7
The derivative of @ with respect to « is split up into the part % 50 | ﬁ/ﬁ/ i
that comes from the dispersion and the part that comes from 2 e ¥
the dependence of ¢ on «: L 5. ”
7’
do _ dwdgq _ o > 2 9. g .7
— = = — , 14
E 9q, 8q|| (‘IH K q”) (14) Lﬂa P
0 " 1 n 1 " 1 1
0 50 100 150 200
Spin wave energy / meV

where d¢q| /0« is obtained from Eq. (6)
To apply this to the case of spin waves of cobalt films we

(15) FIG. 9. Determination of the true FWHM of the spin wave peak

from experimental spectra. Up to g, = 0.66 A~! (fiwo~130 meV)
experimental spectra have been obtained with an energy resolution of

7 meV FWHM. The variance of the distribution of accepted angles
was s, = 0.015. For larger g, the energy resolution was 34 meV

and s, = 0.045. The circles give the experimental FWHM. The open
squares represent the values after correction for the energy resolution.
The solid squares are obtained after the additional correction for the
kinematic broadening. The data are plotted versus the spin wave
energy. The dashed line is a linear fit to be discussed later.

parametrize the dispersion as
hw = 120meV[1 — cos(7 q|/qpz)

in which gpz is the g vector at the boundary of the surface
Brillouin zone. Hence 0hiw/dq) is

= 120meV 7 /gpz sin(rq,/qsz) (16)

ohw

o
Figure 8 shows the calculated FWHM of spectra resulting
from the dispersion and the finite g range that is probed by

the spectrometer for the s, calculated for the spectrometer
165436-7
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energy of iw ~ 130 meV, the data refer to spectra obtained
with an energy resolution of 7.3 meV FWHM (Fig. 3). The
variance of the distribution of accepted angles is calculated to
5o = 0.015 in that case. For the larger ¢, the energy resolution
was 34 meV (Fig. 4) and s, is obtained as s, = 0.045. Since
the energy resolution function as given by the elastic diffuse
peak (Figs. 3 and 4) is also a Gaussian the resolution-corrected
FWHM AE..; is calculated as

— AE?

el?

AE?

loss

AEcorr = (17)
in which AEj, and AE, are the FWHM of the spin
wave energy loss and the FWHM of the elastic diffuse
line, respectively. The FWHM after correction for the energy
resolution are shown as open squares in Fig. 9. The solid
squares in Fig. 9 are obtained after the additional correction
for the kinematic broadening following Eqs. (13) and (14).

We see that the correction due to the kinematic broadening
is relatively small in our case. If however we had probed the
lower g range with the resolution and the lens settings used
for the higher g range then the kinematic correction would
have been quite substantial (compare Fig. 8). This presumably
is the reason why our FWHM obtained in the low g range are
smaller than reported in the work of Etzkorn.'® Etzkorn (using
the same scattering geometry as ours) also noted a much higher
energy width of the spectra for negative g which we attribute
to the asymmetry that is characteristic of kinematic energy
broadening (Fig. 8).

V. THEORY

We now turn to a discussion of the theory of spin waves in
the metallic system 8-MLCo/Cu(100). It is by now understood
that a correct theoretical description of spin excitations in
metallic systems demands taking into account the itinerant
character of the electrons responsible for the existence of
magnetic moments.>® In such systems spin waves are strongly
damped for all but the smallest wave vectors (see Figs. 4
and 5). At large wave vectors only a very broad structure is
seen, in complete (qualitative and quantitative) disagreement
with the predictions based on localized spins models. In
our theoretical approach all valence electrons of the system,
both at the substrate and at the magnetic film, are treated as
itinerant. We employ a multiorbital tight-binding Hamiltonian
with hopping integrals extracted from DFT-based calculations.
This description provides a ground state in good quantitative
agreement with various ab initio calculations. Magnetism
is driven by a screened Coulomb interaction within the d
orbitals of the magnetic sites, represented by a multiorbital
version of the Hubbard term. The strength of the effective
Coulomb interaction is also extracted from the same DFT
calculation that provides the hopping parameters.® Previous
calculations based on the same approach'*!> showed a good
qualitative agreement with experiment. A better quantitative
agreement was precluded by the fact that the hopping integrals
we employed were not appropriate for the layered structure in
question. In fact, they were bulk hopping parameters slightly
adapted to the film geometry. We have shown recently, for a
different system, that the use of hopping parameters derived
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specifically for the geometry in question is essential for a good
quantitative description of the excitation energies.?’

For the present calculations we employed tight-binding
parameters extracted from a real space linear muffin-tin
orbital calculation implemented within the atomic sphere
approximation (RS-LMTO-ASA).** The basic eigenvalue
problem is solved in real space using the Haydock recursion
method.** The 8-ML Co film on the Cu substrate was simulated
using a cluster of approximately 9000 atoms, arranged in
13 layers parallel to the (001) surface. One empty-sphere
overlayer is included and self-consistent potential parameters
were obtained for the empty-sphere overlayer, the 8-ML Co
film and three Cu layers underneath using the local spin-
density approximation (LSDA).*> For deeper Cu layers we
use bulk potentials. Nine orbitals per site (the five 3d and
four sp complexes) were used to describe all the atoms in the
cluster, including the empty-sphere overlayer.

We obtain spin excitation spectra from the transverse spin
susceptibility defined as

X+ (w; Ry — Ry)

=/dteiw’{—ica(t)([S*(r;131),5*(0;131/)])}, (18)

where the angular brackets denote thermal average, SZJr (t; ﬁ,)
is the spin raising operator in the Heisenberg representation
at time ¢ and site R;, and ©(¢) is the Heaviside step function.
For systems characterized by a layered geometry, such as the
films we are investigating, the translational symmetry in the
direction parallel to the layers allows the use of a mixed Bloch-
layer representation defined by the transformation

> 1 iR
|q).0) = N Y N RIR), (19)
I 7
I

where g and I_é” are a wave vector and a lattice vector parallel
to the atomic layers, respectively, and / is a discrete index label-
ing atomic layers. In this representation the transverse suscep-
tibility becomes a matrix in atomic layer indices and a function
of frequency and wave vector parallel to the atomic layers.
We first present the energy dispersion of our calculated spin
waves as a function of wave vector along [110] in Fig. 10. The
spin wave energies are extracted from our calculations in the
same way as they are extracted from experimental data: We
identify the peaks of the spectral density with spin wave modes.
The energies at which these peaks occur for each value of wave
vector form the spin wave dispersion relation. Comparison
with the experimental results shows a good agreement for
smaller and medium wave vectors. The stiffness obtained from
a parabola fit to the low wave vector energies is 400 meV,
12% higher than the experimental result. For higher wave
vectors the theoretical data digress from experiment. We
speculate that this discrepancy at higher wave vectors comes
from the sensitivity of the spin wave dispersion relation to
fine details of the electronic structure. The exchange stiffness
(that determines the small wave vector spin wave energies) is
given by a sum over all the microscopic exchange integrals
weighted by the distance between spins, and is wave vector
independent.'>#! Such average will be mostly insensitive to
small phase shifts in individual values of the exchange integrals
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FIG. 10. Comparison of the theoretical dispersion (open circles)
with experimental data (open squares and triangles).

due to details of the electronic structure. The large wave vector
dispersion relation, however, depends on sums of products of
exchange integrals by oscillatory functions of the wave vector.
Small uncertainties in the determination of the electronic
structure may lead to large variations of spin wave energies
at large wave vectors. This may explain why the discrepancy
between theory and experiment in the large wave vector region
is much larger than at small wave vectors. This reasoning is
especially compelling to us because the discrepancy between
theory and experiment starts to increase noticeably around the
same wave vector region where the dispersion relation ceases
to be quadratic.

We now turn to the linewidth of the spin wave peaks.
These linewidths represent the hallmark of itinerant magnetism
and are a direct consequence of the system’s electronic
structure. No adjustable parameter was employed in their
determination. We recall that the only parameters in our
calculations are those describing the hopping integrals and
the effective Coulomb interaction; they are the output of ab
initio calculations specifically designed for the geometry of
the system in question.

The calculated spectral linewidths agree nicely with those
extracted from the experimental results for small and interme-
diate wave vectors. When plotted vs the spin wave energy
then the agreement is nearly perfect for wave vectors up
to g = 0.88 A, the largest wave vector for which we have
attempted to deduct a FWHM from the experimental data
(Fig. 11). In both cases the data are fit by a linear relation
between the FWHM and the spin wave peak energy with the
slope of 0.43. The only difference is a minor offset on the
energy scale. This difference may be not significant, because
of experimental errors in the determination of the FWHM at
low energies.

The roughly linear relationship between linewidth and spin
wave energy can be understood as follows: The lifetime of
a spin wave with energy hw is inversely proportional to the
density of Stoner excitations at fiw (Landau damping), which
is given by the spectral density associated with the mean-field
transverse susceptibility. It has been shown'? that this spectral

Spin wave energy / meV

FIG. 11. Full width at half maximum (FWHM) of the spin wave
peak vs the spin wave energy. Solid squares are the experimental data
from Fig. 9, the open circles are from theory. When fitted to a linear
relation the theoretical results follow the same slope. See text for
further discussion.

density is proportional to an integral over the interval (Er —
hw, EF) of a product of single-particle Green functions. Since
ho is typically much smaller than the electronic bandwidth,
the integrand is approximately constant over the integration
interval and the result is roughly linear in iw. According to
this argument the linear relation between linewidth and energy
should display zero linewidth for zero spin wave energy while
the linewidth in Fig. 11 actually approaches zero for a finite
spin wave energy. The reason for this is related to the spectrum
of available Stoner excitations 7iw(q). Inspection of the band
structure of fcc cobalt*? shows that the main channel for
Stoner excitations with g along the [110] direction closes at
a minimum wave vector of g, = 0.25 A~!, corresponding to a
spin wave energy of 22 meV. This critical g is shown in Fig. 11
as an arrow pointing to the corresponding spin wave energy.

One of the main difficulties in interpreting spin wave spectra
measured by electron energy loss spectroscopy comes from the
very nature of the probe: The electron beam penetrates a few
atomic layers close to the surface of the magnetic film and
interacts in a complicated fashion with the magnetization of
these layers. A complete calculation of the spectra would re-
quire detailed multiple scattering calculations combined with
a spectral function that is not quite the same as the transverse
susceptibility described by Eq. (18). Also details of the surface
potential enter critically into such calculations since the energy
of the probing electron is small.*> Here, we merely make a
crude attempt at describing the contribution of deeper layers
to the calculated spin wave spectra. We assume that the electron
beam penetrates the magnetic film with an exponentially
decaying intensity, characterized by a decay length Age., and
no phase shift. The resulting spectral density is given by

_ U+

e b (w3 ),

1
Aps(w) = —;ImZe (20)

Lr

where d is the interlayer distance. The layer indices I, I’
run from O to 7, 0 being the surface layer. The decay length
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FIG. 12. Theoretical spectral densities calculated for five differ-
ent wave vectors according to Eq. (20) with A = 5 A are shown
as dashed, solid, dotted, dash-dotted, and dash-dot-dotted lines for
qy =0.174, 0.261, 3.48, 0.435, and 0.522 AL respectively. The
second mode loses its character as a discernible feature at about
gy = 0.35 A~ in perfect agreement with experiment (Fig. 3).

Adec 18 estimated from the measured mean free path A in
cobalt layers. According to Vescovo et al.** the mean free
path in cobalt is about 7 A for electrons with 7 eV energy
above the vacuum level (about 12 eV above the Fermi level,
the reference used by Vescovo et al.). Given the fact that
the electrons enter and leave at a mean angle of 45° we estimate
Adec aS A/ V2 ~ 5A ~ 2d. We remark that the precise choice
of 2d in the calculation is not critical. The key feature of
our “poor man’s multiple scattering” calculation is that more
layers than just the first layer are excited by the electron beam.
How much the beam actually penetrates does not change the
essence of the result; it just introduces small changes in the
ratio between acoustic and standing mode amplitudes.

In Fig. 12 we show Apys(w) folded with the experimental
resolution for a few wave vectors along the [110] direction. For
the two smallest wave vectors it is still possible to see the first
standing mode as a distinguishable feature besides the main
spin wave peak. At larger wave vectors there is no visible sign
of the standing spin wave, although for the same wave vectors
it is still visible in the spectral density projected exclusively
on the surface layer (see, e.g., Fig. 1 of Ref. 14). We note
that the signature of the first standing wave in the spectral
densities of Fig. 12 is at variance with a recent theoretical
study attempting to explain the absence of standing spin waves
in previous experiments.>? The clear sign of a second mode
for wave vectors ¢ = 0.174 and 0.261 A~! in Fig. 12, as

PHYSICAL REVIEW B 86, 165436 (2012)

well as its absence in the spectral densities for g; > 0.348
A~!, is in agreement with the experimental results in Fig. 3:
There, the second mode is visible in three spectra for g up
to 0.3 A~! while it has merged with the now broader peak of
the surface spin wave in the spectrum for ¢; = 0.335 A=! and
for wave vectors beyond that value. Because of the agreement
between theory and experiment we identify the experimental
feature with the first standing spin wave mode of the 8-ML
slab. The calculated peak energies for the standing mode lie
slightly above the experimental values. This is potentially an
interesting effect. Unlike the surface mode the frequency of the
lowest standing wave mode depends on the number of layers
and, more importantly, on the details of the interface between
cobalt and copper. To the extent one is willing to believe in
qualitative aspects of the Heisenberg model for this system one
can show that a reduction of the effective coupling between the
cobalt atoms at the interface (due to intermixing with copper,
e.g.) leads to a reduction in the frequency of the standing wave
mode at small g. A further exploration of such effects requires
a much larger experimental database and is therefore left to
future studies.

VI. SUMMARY AND CONCLUDING REMARKS

By employing a recently developed electron spectrometer,
surface spin waves of fcc cobalt films were studied with
unprecedented energy resolution. The high-resolution spectra
show standing spin wave modes which theory has predicted
to exist for some time. The visibility of the standing wave
mode at small wave vectors as well as their absence in
larger wave vector spectra is in excellent agreement with a
model based on a simplified version of a multiple scattering
calculation. Since the spectrometer is completely characterized
in its electron optical properties reliable data for the energy
width of the surface spin waves could be obtained. We have
compared our experimental data with calculations of spin
wave energies and linewidths based on an ab initio electronic
structure for the substrate and the magnetic film. Given the
first-principles nature of the theory, the agreement between
theory and experiment is remarkable.
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