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Spin Wave Dispersion on the Nanometer Scale
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Hot electrons injected into antiferromagnetic Mn layers from the tip of a low temperature scanning
tunneling microscope have been used to determine the energies, lifetimes, and momenta of antiferro-
magnetic spin waves on the nanometer scale. The spin waves show a linear dispersion with a velocity of
160 = 10 meV A and lifetimes that scale linearly with energy in agreement with neutron scattering and
theory. It is shown that the method is sensitive enough to detect the influence of surface anisotropies on the

spin wave dispersion.
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Ferromagnetic and antiferromagnetic systems play im-
portant roles in modern information technology ranging
from magnetic data storage to sensors or magnetic random
access memory. For a functioning device, not only the
ground state properties of magnetic materials are of inter-
est. Every time the device is switched, i.e., when a field is
sensed or data are written, the magnetic system is excited.
The fundamental excitations of magnets are collective
excitations of the magnetic moments called spin waves.
Spin waves are at the heart of physical properties such as
fast magnetization reversal [1], zero bias anomalies in
magnetic tunneling junctions [2], or current induced mag-
netic switching [3-5]. While a deep understanding of spin
waves on the nanometer scale is desirable for the improve-
ment of modern spin electronic devices [6,7], established
experimental techniques like Brillouin light scattering,
inelastic neutron scattering (INS), or spin polarized elec-
tron energy loss spectroscopy (SPEELS) [8] lack of the
sensitivity for the study of spin waves in individual nano-
structures or do not offer a high lateral resolution.
Recently, scanning tunneling microscopy (STM) has
been used to study the energetics of spin flip scattering in
magnetic films, atomic chains, and single atoms [9-11].
Here we demonstrate that beyond the lateral resolution,
STM can also be used to determine the momenta and
lifetimes of collective excitations such that the full disper-
sion relation of spin waves in nanoscopic objects can be
obtained. The combination of high lateral resolution, high
sensitivity, and information of momenta and lifetimes
opens up a whole new field that was inaccessible so far
by established scattering techniques.

This new technique is based on inelastic scanning tun-
neling spectroscopy (ISTS). In ISTS, the tunneling elec-
trons inelastically interact with one of the electrodes [12].
When the tunneling electrons have enough kinetic energy
(eU) to excite an inelastic process, the tunneling current is
enhanced. The onset of the inelastic scattering process
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creates a step in the differential conductivity dI/dU or a
peak in the d*I/dU?. Inelastic excitations may occur in the
forward and backward tunneling direction, leading to
peaks in d*I/dU? with odd symmetry in U [9,12].

We here report on the local creation of spin waves with
ISTS in nm thin y-Mn films which are grown by molecular
beam epitaxy on clean CuzAu(001) crystal in ultrahigh
vacuum at room temperature. In contrast to the complex
bulk phase of a@-Mn with 58 atoms in the unit cell, the
simple face centered cubic (fcc) y-Mn can been stabilized
as ultrathin films on Cu;Au(001) [13]. The electron dif-
fraction has revealed there is a small change of the inter-
layer distances from 1.87 Ade., nearly fcc Mn) to 1.77 A
at a thickness around 10 atomic layers (ML) [13]. The
v-Mn films show a layerwise antiferromagnetic order
[13,14]. After sample preparation, the samples were trans-
ferred to the 5 K STM, where the inelastic tunneling
spectra were measured using a lock-in technique detecting
the second harmonics of a 17 kHz modulation of an
amplitude of 3 mV. The spectra were taken on several
points of an atomic terrace and were averaged to enhance
the signal-to-noise ratio.

Figure 1 shows the typical morphologies of Mn films on
CuzAu(001). At coverages below 10 ML, only two atomic
layers are exposed while at higher coverages, the film
roughens slightly and shows square patches of flat Mn
terraces separated by multiple steps. The Mn films stay
in the fcc or tetragonal (fct) structure over the whole
thickness range studied [13]. The ISTS measurements
were performed on the Mn films in a thickness range
from 4 ML to 24 ML on individual nanometer scale Mn
terraces.

In bulk magnetic materials, spin waves are free to travel
in all three dimensions resulting in a continuous dispersion
of the spin wave energy E with the three-dimensional
momentum k. If one restricts one of the dimensions (say
the z direction) going to the thin film geometry, due to the
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FIG. 1 (color online). Topographies of (a) 5.8 ML and
(b) 24 ML Mn on CuzAu(001).

confinement of the two boundaries (interfaces), spin waves
are scattered back and forth between the boundaries. If the
film thickness equals the integral multiple of the half
wavelength projected along z, standing waves are formed
[15]. Such standing spin waves can be regarded as oscil-
lations of the magnetization which are nonuniform in the
direction normal to the surface and which travel freely in
the two other dimensions. Therefore, the dispersion rela-
tion is given by a series of spin wave branches quantized in
the momentum perpendicular to the plane k, and continu-
ous in the momenta in the plane k, and k,.

The d*1/dU? spectra recorded on thin films of thick-
nesses as indicated, are shown in Fig. 2. No variations of
the inelastic spectra were observed within single terraces.
This is due to their large size, i.e., small energy splitting of
potentially laterally confined spin waves, and the weak
confinement due to coupling to neighboring terraces.
Note that the local roughness of only 10 pm is small
compared to the wave length of spin waves and does not
influence their energy. The peaks are antisymmetric with
respect to zero bias voltage indicating an inelastic excita-
tion by the tunneling electrons either from tip to sample
(positive voltages) or vice versa (negative voltages) [12].
The antisymmetry of the excitation peaks as well as their
low energy excludes quantum well states. The latter are not
symmetric with respect to the Fermi level and show a much
stronger dispersion. As both the Cu;Au substrate and the
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FIG. 2 (color online). d*I/dU? spectra of various thicknesses
Mn thin films on Cu3Au(001). The zero order (cross), first order
(circle), and second order (parallelogram) excitation peaks are
marked in the figure. These excitations correspond to standing
spin waves as sketched in the inset.

vacuum above the antiferromagnetic film are nonmagnetic,
the surface and interface spins of the antiferromagnetic
layer are not pinned at the interfaces and are free to rotate.
Thus, spin waves in the antiferromagnet are reflected with
no phase shift at both interfaces and the standing spin
waves can be classified by the order n = 0, 1, 2, where n
reflects the number of nodes in the standing waves along z.
They are sketched in the inset of Fig. 2. In agreement with
this simple quantization of the spin wave momentum per-
pendicular to the sample plane, we observe a series of
excitation peaks in the inelastic spectra, which are indi-
cated in Fig. 2. In the experiment, only the Mn films with
even atomic layers fulfill these simple quantization, while
spectra from the films with odd atomic layers in principle
act as ferrimagnets and lose this simple behavior. In gen-
eral, the density of states of spin waves confined in z should
rise in steps, as every two-dimensional branch of the spin
wave spectrum adds density of states starting from its band
bottom. However, the cross section for electron-electron
scattering that is responsible for the creation of spin waves
falls off with the in-plane spin wave momenta k, and k, as
has been shown in SPEELS experiments [16]. This implies
that the onset of every branch of standing spin waves is
observed as a peak in ISTS. The zero order excitation
corresponds to the energy gap at k, = k, = k, = 0, which
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is the coherent rotation of the magnetic moments of the
antiferromagnet. The gap is due to the presence of the
magnetic anisotropy interacting with the exchange energy
as proposed by Anderson in 1952 [17]. In the spectra in
Fig. 2, the zero order excitations are marked by the crosses.
Besides the peak of the n = 0 branch, peaks of higher
order can be seen in the spectra. The first order excitation
has the wavelength of twice of the film thickness while the
wavelength of the second order excitation equals the film
thickness as shown in the inset of Fig. 2. The first and
second order peaks are marked by the circle and parallelo-
gram, respectively. As can be seen from the figure, at high
coverage, the peaks are rather sharp while at low coverage,
the peaks are broadened. Thus, the higher order excitations
are only observable clearly at high coverage.

From the thickness ¢ of the Mn layer and the order of the
peak, we can compute the momentum k using a simple
conversion k, = nr/t. This way, both the energy E and the
momentum k, of the spin wave can be obtained from the
local excitation spectra. This information characterizes the
nature of the excitation and represents its discrete disper-
sion. Phonons can be excluded since their dispersion does
not have a gap at k = 0 while this gap is a signature of spin
waves in antiferromagnets. Figure 3 gives the resulting
dispersion deep into the Brillouin zone. At low wave
vector, the energy of the spin waves increases linearly as
expected for antiferromagnetic spin waves. Though a
structural transition from fcc to fct happens at about
10 ML during the growth, no abrupt change was present
in the dispersion curve. This can be either due to the fact
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FIG. 3 (color online). Spin wave dispersion of y-Mn. The
notations (cross, circle, parallelogram) of STM data are the
same as in Fig. 2. The extrapolated neutron scattering data is
from [18]. The fcc and fct Mn dispersions were obtained by
ab initio calculations. The upper inset gives the gap E, as a
function of film thickness (see text) and the lower, the FWHM as
a function of k.

that the magnetic structures and spin wave dispersions of
the two phases are nearly identical (see our calculations
below and Ref [14]) or the room temperature fcc phase
transforms to fct upon cooling as the fcc to fct transition is
related to the onset of antiferromagnetism [13]. Thus, we
can combine all individual energy-momentum data points
to a dispersion curve and obtain the spin wave velocity of
160 = 10 meV A by fitting the results with the dispersion
relation E; = E + [vsin(ka)/al* of antiferromagnetic
spin waves, where E| is the spin wave energy, E, is the
energy gap, a is the interlayer distance, and v is the spin
wave velocity. In comparison, we plotted the extrapolated
INS data of Ni doped fcc Mn [18]. The dispersion curve of
Ni doped fcc Mn is slightly steeper than our STM results,
but in general agrees well with our findings.

Furthermore, we can measure the full width of half
maximum (FWHM) of the excitation peaks from the spec-
tra shown in Fig. 2. These give the damping of the spin
waves ['(k) illustrated in the lower inset of Fig. 3. As has
been demonstrated in the INS experiments [18], the damp-
ing increases linearly with the wave vector (or the energy)
in the first order approximation. We can use a simple linear
equation I'(k) = I'y + I' |k to fit the data and gives I’y =
2 meV and I'; = 39 =2 meV A. The energy broadening
of the high k vector or high E excitations is related to the
fact that the damping of spin waves in first order scales
linearly with the precession frequency of the magnetic
moments as described in the viscous damping term of the
Landau-Lifshitz-Gilbert equation [19].

In order to compare our results with previous INS mea-
surements on doped y-Mn bulk samples, we listed the spin
wave parameters together with the measurement tempera-
ture T of the reported results in Table I. These parameters
depend very much on the doping and 7 in INS experi-
ments. When compared to our results, we find a good
agreement of the velocity. However, the damping we ob-
tained from pure y-Mn is smaller than doped y-Mn. This
implies that impurities in antiferromagnets are critical in
determining the dynamic behavior of the system. A similar
increase of damping with doping has been reported before
for ferromagnets [22].

Since the experimental preparation of pure bulk fcc Mn
has not been successful so far, we performed ab initio
calculations of the spin wave dispersion of fcc bulk Mn.

TABLE I. Comparison of the gap E,, spin wave velocity v,
and the first order damping parameter I';.
Eg v F] T
Composition (meV) (meVA) (meVA) (K)
Mn (17%Ni) [18] 590+0.2 185 =12 85 =15 100
Mn (10%Cu) [20] 12 210 £ 8 118 113

Mn (10%Fe3%Cu) [21]
Pure y-Mn [this work]

12 £0.5 290 = 15 100 = 30 42
27-55 16010 39=*2 5
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The slight tetragonal distortion of the crystal structure of
Mn thin films above 10 ML was taken into account. At first
the electronic structure of bulk Mn was calculated self-
consistently within scalar-relativistic density functional
theory [23,24] in the local spin density approximation
implementing the Korringa-Kohn-Rostoker [25,26] mul-
tiple scattering theory. After convergence of the ground
state, the magnetic interactions of the Mn were mapped
onto an effective Heisenberg Hamiltonian of the kind H =
—%ZijJij§i . §j, where §,» and §j denote the magnetic
moments, located at different lattice sites, and Jij is the
exchange interaction between these moments. The spec-
trum of the Heisenberg Hamiltonian describes the mag-
netic excitations within the adiabatic approximation,
which assumes that the characteristic time scale for the
dynamics of spin fluctuations is comparable with the time
scale for the dynamics of band electrons. The exchange
parameters J;; were computed using the magnetic force
theorem [27] which describes the energy change due to a
small change of the angle between the magnetic moments.

The results of the calculations for fcc and fct Mn are
plotted in Fig. 3 together with the experimental results. The
fct calculations perfectly fit the experimental results. As
can be seen, both the experimental and theoretical energies
for the high wave vector spin waves deviate from the linear
dispersion. This reflects the proximity to the magnetic zone
boundary. The calculated results of fcc Mn have higher
energy than fct Mn at the same wave vector.

Finally, we found that the experimental energies of the
n = (0 standing spin wave slightly increase from 2.7 to
5.5 meV as the thickness of Mn decreasing from 24 to
4 ML (see the upper inset of Fig. 3). This effect could be
associated to a surface anisotropy of the antiferromagnet.
As the thickness of the film decreases, the surface anisot-
ropy becomes more and more important with respect to the
bulk anisotropy influencing the spin wave gap at k = 0.
The spin wave energy at k=0 is given by E, =

waAEE + E%, where E, is the anisotropy energy and

Er is the exchange energy [28]. E, contains the bulk
anisotropy (E,g) and surface anisotropy (Eag): E4 =
Eap + Eag/t assuming a combined surface and interface
anisotropy energy of both interfaces. Here, ¢ is the film
thickness. With the exchange energy of Ep = 25 meV
taken from our ab initio calculation, we fitted E, as a
function of the film thickness (see the upper inset of
Fig. 3) obtaining a small or vanishing bulk anisotropy
energy of E g = 0.02 = 0.03 meV and surface anisotropy
energy of Exs = 1.4 £ 0.2 meV per atom. These values
are reasonable and in the energy range of anisotropies
found in ferromagnetic structures. The bulk anisotropy
energy is small such that the surface anisotropy becomes
dominant in the low thickness range. In our ab initio
calculations spin orbit coupling was not taken into account
such that the gap is not present.

In summary, we have demonstrated that ISTS is capable
of detecting both the energy and the momentum of stand-
ing spin waves on the nanoscale. We have determined the
spin wave dispersion of antiferromagnetic fct/fcc Mn. It
agrees well with ab initio calculations and with published
INS data on doped bulk fcc Mn. The broadening of the
excitations with energy shows a linear dependence in
agreement with INS, but the lifetimes are significantly
longer than those observed in doped Mn. This is explained
by the stronger damping in doped Mn due to the dopant
atoms. Finally, it is shown that the sensitivity of the tech-
nique is sufficient to detect the influence of surface anisot-
ropies on the dispersion. As deduced from the spin wave
gap of Mn films of various thicknesses, a surface or inter-
face anisotropy of the order of 1.4 meV per atom was
deduced. This new technique offers a unique sensitivity
and lateral resolution such that the determination of the
magnetic excitation spectra of nanoscopic ferromagnetic
or antiferromagnetic structures comes within reach.
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