Probing single jumps of surface atoms
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Jumps of single atoms at surfaces can be followed on their time and space scale (nanoseconds and
nanometers) by applying nuclear resonant scattering of synchrotron radiation. Here we develop the
theory for jump diffusion in two-dimensional systems. Two types of phenomena are noteworthy:
apparent acceleration of the nuclear decay and relaxation of hyperfine interactions, in particular
electric quadrupole interactions. The latter effect becomes for the first time one of significance and
well measurable due to the inherent anisotropy of the surface. We compare with a first experiment
and deduce jump frequencies and activation energy ). We show how by way of motional narrowing
to distinguish between the motion of the probe atom itself and the motion of ad-atoms.
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Interference of highly brilliant, polarized and pulsed
synchrotron x-radiation can probe jumps of single atoms
directly in time domain in the range of nanoseconds and
on the space scale of nanometers. For grazing incidence
of x-rays even the jumps in a monolayer or less can
be investigated within a reasonable experimental time.
We consider nuclear resonance at the nuclear ground
level of the probe atom 5“Fe leading to excitation of
the 14.4keV level which decays within a lifetime of 141
nanoseconds and re-emits (scatters) the radiation. The
method is therefore called nuclear resonant scattering of
synchrotron radiation (NRS), and corresponds in energy
domain to the Mossbauer effect. NRS has first been
achieved by Gerdau et al. [1], and shortly later Hastings
et al. [2] developed coherent nuclear forward scattering.

The nuclear transition matrix for the M1 transition of
57Fe yields the angular dependence of the intensity of
the outgoing NRS beam and the ratio of the intensities
of the emission lines of the Mdssbauer effect. Due to its
polarization the incoming photon (electric field vector in
the surface plane and vertical to its k vector) selects just
M = 0 transitions from the ground to the excited state
of ®Fe. Since the excited state of °"Fe is a 3/2 state
and the ground state is 1/2, only M, = £1/2 sublevels
of the excited state are relevant. The result is different
for different directions of the scattered beam, but here
we focus on scattering in forward direction.

Following a proposal by Smirnov and Kohn [3], Sepiol
et al. [4, 5] have for the first time exploited the capabil-
ity of NRS to observe interactions of the radiation with
the nucleus and its environment for studying diffusion in
bulk solids. The essential result was an apparent accel-
eration of the intensity decay of coherent nuclear reso-
nant forward scattering, corresponding to a loss of co-
herency, from which details of the diffusion process were

deduced: The slope and the angular dependence of the
decay yielded the jump frequency and the jump vector.
Recently Kmiec et al. [6] have applied NRS for deter-
mining the depth dependence of the diffusivity close to a
metallic surface.

In this Letter we develop the theory of diffusion in
a two-dimensional system like a surface considering not
only the apparent accelerated decay of NRS intensity,
i.e. the loss of coherency, but in addition and in de-
tail the relaxation of hyperfine interactions. Since an Fe
monolayer is paramagnetic at room temperature [7], we
do not expect magnetic hyperfine interaction but rather
quadrupole interaction. The latter is proportional to the
product of the electric field gradient caused by the sur-
rounding atoms and the quadrupole moment of the probe
nucleus.

This is to our knowledge the first time that jumps of
single atoms at surfaces can be followed on the time and
space scale of the jumps and opens the way for detailed
studies of the atomistics of diffusion on and at surfaces.
We think that this is also the first time that the pre-
dicted effect of hyperfine relaxations on diffusion on a
crystalline lattice becomes of significance and has in fact
been seen (see Dattagupta-Schroeder prediction [8] for
bulk without relevant experiment). For studying the ro-
tational dynamics of a glass Sergueev et al. [9] have re-
cently successfully exploited nuclear resonant scattering
of synchrotron radiation applying a method related to
the method discussed here. The difference is that they
studied incoherent scattering by way of angular correla-
tion, whereas here advantage is taken of the coherency of
the reemitted radiation in forward direction. This again
as in the earlier bulk studies opens the way for studying
the details of the diffusion jump vector [5].

The simplest system is a monolayer with a limited



number of vacancies into which atoms can jump when
thermally excited. In Fig. 1(a) we show schematically
a (110) plane of a body-centered cubic lattice with the
5TFe probe atom surrounded by nearest neighbor (NN)
atoms and one vacancy. For practical and physically
plausible reasons we consider only nearest-neighbor in-
teractions and confine the calculations to self-diffusion.
Alternatively we consider ad-atom diffusion (Fig. 1(b)).
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FIG. 1: (a) Diffusion of atoms in iron monolayer on (110)
surface of tungsten. 1, -1, 2, -2 designate possible vacancy
positions at NN sites of the probe atom, N a site outside the
NN shell to which a NN atom can jump.

(b) Diffusion of ad-atom A on top of an iron surface.

The theoretical treatment has to describe the time de-
velopment of the nuclear decay in the presence of dif-
fusion. The central quantity of interest is the average
over defect sites of the time and space transformed time-
development operator as developed by Dattagupta [10]
incorporating diffusion effects into the Blume [11] ap-
proach
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For diffusion via vacancies (Fig. 1(a)) this is a 20x20
matrix because there are four nuclear sublevels in the
excited state (£3/2,£1/2) and five defect sites with run-
ning indices «, § and p. iw+T/2k describes the nuclear
decay in absence of diffusion (Lorentz line in energy hw
with linewidth I'g), 1 is a unit matrix and pg is the oc-
cupational probability of vacancy site (.

The effect of the atoms changing sites in absence of
fluctuating hyperfine interactions is described by the sec-
ond term in the square bracket of equ. (1), Wy, and in
the general case is a 5x5 “jump frequency matrix”. The
matrix elements are the jump rates for leaving a site (di-
agonal elements) or changing from one site to another
site. For self-diffusion all frequencies are identical and
the same pertains to jumps of ad-atoms. The diffusion
jumps via vacancies produce the accelerated decay of the
NRS intensity. This has been seen earlier for bulk diffu-
sion [4]. Acceleration of the NRS decay corresponds to
line broadening in Mossbauer effect. Note however that
Méssbauer measurements of diffusion are hardly possible

for monolayers, as they do not yield sufficient statistics
even after very long measuring times.

For diffusion via vacancies most interesting is the jump
vector of the °"Fe atom with respect to the wave vector
of the incoming radiation. In the present case the incom-
ing beam is chosen parallel to the [001] direction of the
monolayer, as in the experiment compared below.

The effect of fluctuating quadrupole interactions is de-
scribed by the third term V), F), in the square bracket of
equ. (1). The Hamiltonians corresponding to the inter-
action V), are given by

Vi = VNJr(VE)Jer), Vi = VN+(V07Vm) and Vi (2)

where £1, £2 and N refer to vacancies on sites as in-
dicated in Fig. 1. For the excited state of °"Fe (nuclear
spin 3/2) and the (110) plane [12]

VN = QN(3IZ2 —15/4),
VO = QD(Iz2 + 21@/2 - 15/4)7
Vin = V2Qp (LI, + I,1,). (3)

Q@ N the pure surface quadrupole interaction of the undis-
turbed (i.e. defect-free) sample and @ p is the defect con-
tribution to the quadrupole interaction. I, I, and I, are
the spin component operators of the excited 3/2 state.
F,, is a projection operator that ensures that the defect’s
quadrupole interaction acts on the probe atom only when
the defect is on one of the probe atom’s NN sites. What is
new here compared to the theory of combined jump diffu-
sion and quadrupole relaxation in the bulk [8] is the clear
anisotropy of the electric field exerted on the nucleus by
the neighboring atoms due to the two-dimensional struc-
ture of the system.

One has to numerically invert the 20x20 matrix under
the square brackets in equ. (1) and take its average as
implied by the summation over o and 8. The emission
spectrum of the Mossbauer effect can now be computed
and by its Fourier-transform into the time domain the
time spectrum of NRS is received.

In Fig. 2 we show the expected NRS spectra in time
domain resulting from a simulation based on the the-
ory. We compare to the corresponding spectra in energy
domain as expected from conventional Mdossbauer effect
taking into account quadrupole interactions through the
anisotropy of the surface and through interaction with
defects.

Ad-atom diffusion, i.e. diffusion of atoms on top of the
surface, follows similar logics as vacancy diffusion with
one marked difference: the nuclear probe atom itself is not
moving. Therefore at large jump frequencies there will
be no accelerated decay but rather “motional narrowing”
of the Mossbauer line and therefore a return to a slow
decay of NRS (in the ideal case with natural life time).
The reason is the averaging out of the fluctuating field
gradient.
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FIG. 2: Simulations according to theory. Left column: NRS
spectra (intensity decay vs time), right column: correspond-
ing Mossbauer emission spectra (intensity vs energy). Jump
frequency of atoms: (a) and (b) 0.1 MHz corresponding to
very slow diffusion, (c¢) and (d) 1.5MHz, (e) through (h)
22.5MHz. In (g) and (h), however, the probe atom is kept
immobile, and as a consequence the decay of the NRS inten-
sity flattens and motional narrowing occurs in the Mdssbauer
spectrum. Following Przybylski [7] the quadrupole interac-
tion of pure Fe on a W surface is 32neV , i.e. about 7 times
natural linewidth (4.7 neV). The defect concentration was as-
sumed to be 10 percent, the additional quadrupole interaction
from the defects 140 neV because these will be the best values
to match the experimental spectra. Note in (b): The outer
quadrupole doublet is due to the defect component. Because
of the polarization of the synchrotron beam only the surface
component at positive energy remains.

For NRS the quadrupole interaction from neighboring
vacancies or ad-atoms leads to beats in the decay as is
demonstrated in the simulation based on the theory in
Fig. 2, left column, whereas for Mossbauer emission addi-
tional lines appear (Fig. 2, right column). The NRS beat
frequency is larger the higher the quadrupole interaction
acting on the nucleus. Fluctuation of the quadrupole
interaction due to diffusion causes a more pronounced
smearing of the beats the faster the atoms in the neigh-
borhood and the 5"Fe atom itself move. Most remarkable
is the difference in the spectra for mobile and immobile
probe atoms: whereas for mobile probe atoms the decay

of the NRS intensity in time continues to steepen with
increasing jump frequency and the Mdossbauer line con-
tinues to broaden, in case of immobile probe atom from
a certain jump frequency on the decay becomes flatter
and the Mossbauer line becomes narrower. The marked
difference of the scenarios for vacancy diffusion and ad-
atom diffusion is a criterion permitting a decision which
of the two cases persists.

In the following we compare with the results of the
first published NRS experiment [13] on surface monolayer
diffusion. For studying experimentally the diffusion in a
monolayer or even a sub-monolayer or of the ad-atoms
in an incomplete surface layer two conditions had to be
fulfilled: a very brilliant x-ray source (highly collimated,
strong flux) as realised by a synchrotron of third gen-
eration and grazing incidence of synchrotron radiation
in order to achieve high scattering intensity. The ex-
periment reported in Ref. 13 was performed under these
stringent conditions: An °"Fe sub-monolayer on a near
(110) vicinal W surface was measured at UHV conditions
at grazing incidence of x-rays with the direction of the
incident beam parallel to the [001] direction of the W
substrate.
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FIG. 3: Left: Measured NRS spectrum [13] of *"Fe sub-
monolayer on (110) tungsten at room temperature before
(open squares) and after (full circles) an NRS measurement
at 670 K which led to complete disappearance of the beats.
Please note: In NRS experiments data collection starts not
earlier than 20ns after the nuclear excitation. The dashed
line corresponds to NRS in the absence of diffusion. Right:
5"Fe NRS spectrum according to theory with probe atom
immobile, jump frequencies of surrounding atoms 3 MHz.
Quadrupole interaction and defect concentration same as in
Fig. 2.

Fig. 3 shows the results of the NRS experiment at room
temperature together with a simulation based on the the-
ory.

A comparison of the simulated spectrum with the
experimental spectrum implies that a defect induced
quadrupole interaction energy of (140 £ 20)neV, cor-
responding to a splitting of the Mossbauer doublet of
(3.0 £ 0.5) mm/s matches the experiments.

The most interesting effect in the experiment [13] is
the decrease of the beat frequency between room temper-
ature (300 K) and 470 K and the complete disappearance



of the beats at 670 K. This is in agreement with a jump
frequency of the surface atoms of (3+0.5) MHz at 300 K,
increasing to (6 & 1) MHz at 470K and to (20 + 3) MHz
at 670 K where the beats disappear. Very striking is that
the increase in the beat period is nmot accompanied by
an accelerated intensity decay as would be expected if
the probe atom itself was jumping, compare Fig. 2 (e).
This implies that we can exclude vacancy diffusion which
would lead to an identical jump frequency of the °"Fe
probe atom and the other Fe atoms. We rather conclude
that impurity ad-atoms are jumping, by this way pro-
ducing quadrupole relaxation which becomes so fast that
the decay of the NRS intensity flattens (compare Fig. 2
(g)) and motional narrowing appears in the Mossbauer
spectrum (Fig. 2 (h)). To the best of our knowledge this
is the first time that such a phenomenon has been ob-
served on surfaces. The nature of the ad-atoms remains
unknown, experiments with controlled charging with gas
atoms are proposed.

From the temperature dependence of the beat fre-
quency we can estimate the activation energy for atomic
jumps of the impurity atoms on top of the Fe surface:

Q = (0.08 £ 0.02) eV.

This value is considerably lower than for vacancy dif-
fusion in an Fe/W film which has been investigated
by means of DFT ab-initio calculations by Spisak and
Hafner [14]. These authors predict activation energies of
vacancy diffusion between 0.7 and 1.6eV.

In conclusion we state that nuclear resonance scat-
tering of synchrotron radiation permits the determina-
tion of the diffusional jump frequency of single atoms in
very thin layers. We have developed a simplified the-
ory which allows to distinguish vacancy from ad-atom
diffusion. Future experiments will draw profit from the
information contained in the angular dependence of the
spectra, i.e. determine also the jump vector and thus dis-
tinguish details as e.g. diffusion directions. By this way
the elementary diffusion jump in and on surfaces will be
determined.
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