
PHYSICAL REVIEW B 91, 155402 (2015)

Nuclear resonant scattering of synchrotron radiation by physisorbed Kr on TiO2(110)
surfaces in multilayer and monolayer regimes
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Physisorbed Kr layers on TiO2(110) surfaces were investigated by means of nuclear resonant scattering
(NRS) of synchrotron radiation at Kr thicknesses ranging from multilayer to monolayer. The NRS intensity
was measured as a function of the Kr exposure, from which the NRS signal corresponding to monolayer was
estimated as 0.23 cps. The time spectra measured at various thicknesses showed a monotonous decay without
any quantum beat features. The recoilless fraction f evaluated from the analysis of the time spectrum revealed a
substantial reduction upon temperature rise from 19 to 25 K. As its origin, an order-disorder phase transition of
the monolayer Kr is proposed.
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I. INTRODUCTION

Since the discovery of the Mössbauer effect, the Mössbauer
spectroscopy (MS) has been extensively employed as a probe
to the local magnetism, electronic structures, and the phase
of the matter through the hyperfine fields at the resonant
nuclei and recoilless fractions f . Nuclear resonant scattering
(NRS) is an extension of MS in the time domain utilizing the
synchrotron radiation (SR), which made possible a variety of
spectroscopic studies as well as x-ray diffraction [1]. By virtue
of the brilliance and the energy tunability of SR, NRS has not
only opened the accessibility to the resonant nuclei such as
83Kr [2], 129Xe [3], 197Au [4], 151Eu [5], and so forth, but
also extended its target to nanostructures, thin films [6–8], and
even to monolayer materials, although this is still limited to
Fe/W(110) [9–13].

As a two-dimensional material, a physisorbed monolayer
system is also fascinating due to its unique phase transi-
tion. Kr on exfoliated graphite was extensively studied for
its commensurate-incommensurate (CI) phase transition and
order-disorder (OD) phase transition, which is an experimental
realization of the three-state Potts model [14]. Physisorbed
atoms can also be used as a nondestructive local probe of the
electronic and magnetic properties at surfaces, for instance,
through the techniques such as the photoelectron spectroscopy
of adsorbed Xe [15–17] or the nuclear magnetic resonance of
adsorbed Cd [18,19]. In recent years, furthermore, the van der
Waals system is extensively studied with experiments [20]
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and ab initio calculations [21–23] for their importance in
the organic optoelectric devices. Nevertheless, due to the
difficulties of probing the monolayer materials with x rays,
studies on monolayer Kr were so far limited to Kr on exfoliated
graphite [24]. The recent improvement of the brilliance and
emittance of SR has made it possible to explore a Kr monolayer
system on single-crystal surfaces with NRS. We anticipate that
Kr on TiO2(110) should show a simple phase transition by
analogy to the OD phase transition of Si(001) [25,26]. We
also expect that a large electric-field gradient (EFG) on the
TiO2(110) surface may lead to a hyperfine splitting of nuclear
levels of 83Kr [18,19].

In this paper, we investigated physisorbed Kr layers on
TiO2(110) by means of x-ray reflectivity (XR) and NRS. We
obtained appreciable NRS intensity even in the monolayer
regime. We also obtained a series of time spectra of NRS by
physisorbed Kr layers as a function of Kr exposure. We eval-
uated the recoilless fraction, which shows a large difference
between 19 and 25 K in contrast to the case of solid Kr and
monolayer Kr on the exfoliated graphite surface [24,27]. We
discuss the OD phase transition as a possible origin of the
observed temperature dependence of the NRS intensity.

II. EXPERIMENT

An ultrahigh vacuum (UHV) chamber with a base pressure
of 2 × 10−8 Pa was installed in the beamline BL09XU,
SPring-8, Japan. The whole UHV chamber was mounted
on mechanical linear guides in the horizontal and vertical
directions, both of which were perpendicular to the SR beam
for the positioning of the sample. With an aid of a UHV
type radiation reflectomator [28], the sample was rotated with
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FIG. 1. Schematic of the experimental setup of NRS measure-
ments from physisorbed layers in an ultrahigh vacuum chamber.

respect to the SR beam with a precision of ±0.01◦ for the
θ–2θ configuration. The SR beam entered and escaped from
the UHV chamber via Be windows.

A rutile TiO2(110) single crystal (Shinko-sha, 14 × 7 ×
0.5 mm3) held with a Ta plate was attached to a Cu block
fixed at the head of a closed-cycle He compression type
refrigerator. The temperature of the sample was monitored
with a Chromel-Alumel type thermocouple spot welded to
the Ta plate that holds the sample substrate. The substrate
was annealed at 500 K in UHV until LEED revealed a sharp
1 × 1 pattern. Since the sample was still transparent and not
light blue in color, the sample was not substantially reduced
with this treatment. The sample surface was also characterized
with ultraviolet photoemission spectroscopy in a separate
chamber, which showed no defect-related in-gap state indi-
cating that little oxygen vacancies were produced on the sur-
face [29,30]. The sample was then transferred through the air
to the UHV chamber at the beamline in Spring-8, where the
sample was annealed in UHV before the Kr exposure and NRS
experiments. The physisorbed layers of Kr were formed on the
TiO2(110) surface by backfilling the chamber with the Kr gas
via the variable leak valve. We used the Kr gas with natural
abundance and the isotope-enriched Kr gas, which contain the
83Kr isotope of 11% and 75%, respectively.

The SR with an energy of 9.4 keV was incident on the sam-
ple surface with θ of 0 to 1.0◦ in the [1̄10] direction after it was
monochromized with a high-resolution monochromator [31]
to an energy width of about 30 meV around the resonance
energy. The SR excites the nuclear state of 83Kr from the
ground state of I = 9/2 with the (+) parity to an excited state
of I = 7/2 with the (+) parity of which the natural lifetime is
212 ns [32]. The reflected SR was detected outside the UHV
chamber either with a PIN photodiode (PD) or eight channel
avalanche photodiodes (APD) for the XR measurements or
the NRS measurements, respectively. The schematic of the
experimental setup is drawn in Fig. 1.

The SR was in the several bunches mode (D mode), in
which we used 12 bunches of 1.6 mA each for the NRS
measurements. The time interval between the bunches was
342.1 ns. The APD and the fast electronics were utilized
for the time resolved detection of the prompt (nonresonant)
and delayed (nuclear resonant) signals of the reflected SR
with a time resolution of less than 0.3 ns [6]. The time
spectra of the NRS were measured by the accumulation of
the delayed signal with a multichannel analyzer. The time
spectra of the NRS were measured by repeated accumulations
of the delayed signal for 40 min with a multichannel analyzer.
The energy of SR was adjusted to the resonance before
each accumulation, and the NRS intensity was confirmed

to be stable between the accumulations within the statistical
uncertainty, which guarantees the stability of the sample during
the accumulations. The time spectra for the samples of 20 L
at 19 K, 6 L at 19 K, and 6 L at 25 K were measured for total
acquisition times of 11, 17 and 16 hours, respectively, and the
data are shown as sums over total accumulations in the present
paper. We also confirmed the reproducibility of the sample
preparation and the time spectrum data for the sample of 6 L
at 19 K during another SR beam time. The deduced effective
thickness was reproducible within 10%.

III. RESULTS

To confirm the formation of the Kr multilayers on the
TiO2(110) surface at 19 K in situ, a series of XR curves
were obtained as a function of the Kr exposure (1 L =
1.33 × 10−4 Pa · s), where we used the Kr gas with natural
abundance. The results are shown in Fig. 2 along with the
simulated XR curves [33]. For the XR of the clean TiO2(110)
the critical angle θC was observed to be 0.257◦, which
coincides with the calculated value of 0.262◦ for the flat
surface of rutile TiO2 (ρ = 4.27 g/cm3) as indicated by the
arrow pointing to the solid and dashed curves in Fig. 2(a).
After the exposure of Kr exceeding 2000 L as shown in
Fig. 2(e), the observed θC was 0.209◦, which also agrees
well with the calculated value of 0.200◦ for the flat surface
of Kr (ρ = 3.40 g/cm3). It is also indicated by simulated
results that θC is ∼0.26◦ at the Kr thickness of 10 nm and
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FIG. 2. XR from physisorbed Kr layers as a function of θ at Kr
exposure of 0 to 2000 L. Dashed curves are the calculated XR for the
flat surfaces of rutil TiO2 and solid Kr.
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that it becomes 0.20◦ at above 50 nm. The Kr film of 1 nm
grows with a Kr exposure of 10 L, assuming that the sticking
probability is 1.0 [34,35] and considering the impinging rate
φ = p/

√
2πmkT , where p, m, k, and T are gas pressure, mass

of a Kr atom, the Boltzmann constant, and the temperature of
the exposed Kr gas (=Temperature of the UHV chamber). In
Figs. 2(b)–2(d), the transition of θC from ∼0.26◦ to ∼0.20◦ is
observed with increasing Kr exposure from 20 L to 700 L, in
good agreement with the simulated results. By these results,
the formation of the Kr layer on the TiO2(110) surface at 19 K
was confirmed in situ.

Subsequently, the delayed signal integrated over 30 ns
to 340 ns of the reflected SR from Kr on TiO2(110) was
obtained by varying the energy of the incident SR beam around
9.4 keV as shown in Fig. 3(a). The spectra were measured at
θ = 0.25◦ for various exposures of the isotope-enriched Kr
gas, where the intensity of the prompt signal was 1.7 × 107 cps.
Intensity maxima appeared at around 9.4 keV. The shape of
the spectra represents the energy distribution of the SR beam
monochromized by the high resolution monochromator in
good agreement with the previous study [31]. The spectra
were tentatively fitted with a Gaussian function, I (E) =
A0 exp{−(E/a)2}, where E denotes the SR energy. With a
width parameter fixed at a = 12.5 meV, we obtained A0 as the
intensity of NRS at the center of the resonance as a function
of the Kr exposure, which is plotted in Fig. 3(b).

As shown in Fig. 3(b), at above 7.5 L, the NRS intensity as a
function of the exposure of Kr gas shows a linear dependence
on the Kr exposure with a slope of 0.091 cps/L with some
intercept at a Kr exposure of 0 L. We analyze the results
in terms of the coverage dependence of the condensation
probability of Kr. Here we assume that the NRS intensity
is proportional to the total amount of the physisorbed Kr,
which is validated by previous studies [24,27] as is mentioned
later. The density of the closed-packed monolayer of Kr is
7.2 × 1018 atoms/m2. Since the condensation probability of Kr
beyond the first layer is 1.0 [34,35], this Kr density corresponds
to the Kr exposure of 3.4 L calculated with the impinging
rate. Therefore, we estimate the effective NRS intensity per a
close-packed Kr monolayer to be ∼0.29 cps. In Fig. 3(b), we
read the value of 0.225 cps at 7.5 L, which we regard as the
completion of the first layer of Kr. On TiO2(110), Kr may well
commensurately physisorb according to the lattice spacing of
the substrate, of which density is estimated to be 0.74 times
as high as the density of the close-packed monolayer of Kr.
The NRS intensity from the commensurate monolayer of Kr
on the TiO2(110) surface is then estimated to be 0.23 cps being
consistent with the observed value of 0.225 cps at 7.5 L. From
the slope at 0 ∼ 7 L in Fig. 3(b), we deduce the initial sticking
probability si to be ∼0.3, which is reasonably comparable to
the reported value of 0.22 for si of Kr on Ru(001) [36].

A series of time spectra of NRS by Kr layers as a function
of the Kr exposure were obtained as shown in Fig. 4. The
time spectrum shown in Fig. 4(a) was obtained for the Kr
layer formed with the exposure of the Kr gas with natural
abundance for 700 L at the substrate temperature of 19 K. The
time spectra shown in Figs. 4(b) and 4(c) were obtained for
the Kr layers formed with the exposure of the isotope enriched
Kr gas for 20 L and 6 L at 19 K, respectively. The time
spectrum in Fig. 4(d) was obtained at a substrate temperature
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FIG. 3. (a) Nuclear resonant spectra at 9.4 keV by 83Kr nuclei in
Kr physisorbed layers at Kr gas exposures of 6, 12, 18 L. The 83Kr
isotope enriched (75%) Kr gas was used. Each point was obtained
with the accumulation for 30 sec. (b) The deduced NRS intensity as
a function of the exposure of the isotope enriched Kr gas.

of 25 K, after the Kr layer was formed with the exposure of
the isotope-enriched Kr gas for 6 L at 19 K. The incident angle
θ and the intensity of the prompt signal Ip were optimized for
every experimental condition so that the experimental count
rates are maximized, which are summarized in Table I. The
NRS intensity at the time range from 0 to ∼30 ns in Fig. 4 were
depleted for the APD was insensitive in this time period not
recovering from the detection of the intense prompt signal at
0 ns. Therefore, the data points in this region were not used
in the analysis.

As a rule of thumb, the slopes of the time spectra in Fig. 4
increase with increasing Kr exposure, indicating that the speed
up effect due to the dynamical effect is in charge. On the other
hand, no appreciable quantum beat structure was found. We
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FIG. 4. Time spectra of NRS of a 9.4 keV x ray from 83Kr in
physisorbed layers of Kr on a TiO2(110) surface (open circles). Solid
curves are fits with Eq. (1). The spectrum (a) is multiplied by 20 for
a clarity. (n) and (e) indicate that the natural or isotope enriched Kr
gas was used, respectively.

speculated several origins of the absence of the quantum beats,
although we have not specified which is the main cause [37],
namely, (i) the insufficient strength of EFG applied on 83Kr
nuclei on the surface, (ii) inhomogeneous EFG applied on
83Kr nuclei due to the variation of adsorption site due to, for
example, incommensurate adsorption, (iii) EFG with lower

symmetry applied on 83Kr nuclei allowing the more complex
transitions in 83Kr nuclei [12,38].

We analyzed the obtained time spectra in terms of the
dynamical effect with the form [24]

I (τ,χ ) = I0(χ/τ ) exp(−τ )|J1(
√

4χτ )|2, (1)

where τ is time in the unit of the natural lifetime of the excited
state of 83Kr [27]. The effective thickness is expressed as
χ = nσ0f/4, where n and σ0 are the number of the resonant
nuclei/cm2 and the absorption cross section at resonance.
The time spectra in Figs. 4(b)–4(d) were well fitted with
Eq. (1). The deviation of the time spectrum in Fig. 4(a) from
Eq. (1) may be a consequence of the variation of χ due to the
noticeable roughness of the thick Kr layer formed with the Kr
exposure of 700 L, as is also suggested by the XR result in
Fig. 2(d).

The deduced χ , the intensity of the delayed signals (the
NRS intensity) ID, and the ratio ID/IP (the normalized NRS
intensity) are listed in Table I. In definition, both ID/IP and
χ are proportional to the product of n and f . In comparing
the time spectra shown in Figs. 4(c) and 4(d), n are constant,
where, therefore, ID/IP and χ varies only with f . In Table I,
both χ and ID/IP at 6 L show a large difference at 25 K and
19 K, indicating substantial reduction of f .

IV. DISCUSSION

As shown in Table I, it was observed that the NRS intensity
represented by ID/IP and χ at 25 K sharply decreased as
compared with that at 19 K. This is much larger temperature
dependence at this temperature region as compared with the
previous results on the solid Kr [27] and the monolayer Kr
on the exfoliated graphite surface [24]. The reported values
of f of solid Kr at 19 K and 25 K are 0.72 and 0.70,
respectively [27] which shows a decrease of f of only about
2% in this temperature region. The value of f of the monolayer
Kr on the exfoliated graphite surface at 10 K and 55 K is
0.76 ± 0.06 and 0.3 ± 0.2, respectively [24]. In both cases,
f shows more gradual temperature dependencies than that
observed in the present study.

The possible causes of the observed temperature depen-
dence of the NRS intensities are as follows. (i) Desorption
of Kr atoms, (ii) temperature dependence of f , (iii) phase
transition of Kr on TiO2(110) in the monolayer regime. We first
discuss that the leading two factors should not be the major
causes of the observed temperature dependence of the NRS
intensity. Subsequently, we discuss the plausible mechanism
of the phase transition of the Kr monolayer on the TiO2(110)
surface.

TABLE I. Experimental conditions and the results of the analysis of the NRS time spectra from the physisorbed Kr layers. Portion of 83Kr
in Kr gas ρ, substrate temperature T , incident angle of the SR beam θ , intensity of the prompt signal IP, intensity of the delayed signal ID, and
effective thickness deduced from the time spectra with Eq. (1) χ .

Exposure (L) ρ (%) T (K) θ (degree) IP (108 cps) ID (cps) ID/IP (10−9) χ (-)

700 11.5 (n) 19 0.21 0.8 1.1 13.8 2.22 ± 0.07
20 75 (e) 19 0.22 1.9 2.9 15.3 1.10 ± 0.02
6 75 (e) 19 0.25 1.86 0.24 1.30 0.88 ± 0.07
6 75 (e) 25 0.25 0.9 0.055 0.61 0.54 ± 0.11
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FIG. 5. Temperature dependence of the recoilless fraction f for
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in the monolayer regime [present study].

The desorption of Kr can be neglected in the present
experiments both at 25 and 19 K for the following reason.
In the experiment, we observed that the NRS intensity was
almost constant during the irradiation of the SR beam on the
sample surface at 25 and 19 K for more than 10 hours. As has
been mentioned, a Kr atom in the monolayer is in general more
strongly bound to the substrate surface than it does in the solid
Kr. For instance, the monolayer Kr on Pt(111) is reported to
desorb at T > 60 K [39], whereas the condensation of solid Kr
takes place at T < 37 K in UHV. Below 25 K, we can safely
exclude the desorption of Kr from the surface.

Next, we discuss that the observed temperature dependence
of the NRS intensity is difficult to be explained by the
temperature dependence of f in the Debye model at any
temperature range of the Debye temperature, θD. In the Debye
model, f is expressed as [40]

f = exp

[
−3

2

ER

kθD

{
1 + 4

(
T

θD

)2 ∫ θD/T

0

x dx

ex−1

}]
, (2)

where the recoil energy ER is expressed as ER =
(�ωe)2/2Mc2. Given that θD = 60 K, f at 19 and 25 K is
calculated with Eq. (2) to be 0.73 and 0.68, respectively,
showing a small temperature dependence at this temperature
range as shown in Fig. 5. Given that θD = 20 K, f at 19 and
25 K is calculated with Eq. (2) to be 0.15 and 0.12, respectively,
indicating that even at 20 K, the temperature dependence is still
more gradual than that of the observed ID/IP.

The reported value of f of monolayer Kr [24] is close to that
of the solid Kr [27]. Therefore, we assume that the f at 19 K
in the monolayer Kr on TiO2(110) is also close to the value of
the solid Kr, as is depicted in Fig. 5. Subsequently, we deduce
the relative value of f at 25 K. In Fig. 5, one sees a noticeable
deviation of the data point at 25 K from the calculated curve
that exceeds the range of the error bar. Based on these two
views, we conclude the conventional temperature dependence
can not account for the temperature dependence of the NRS
intensity observed in the present study.

A B

[110][110]

[001]

A B

Top view

Side view

FIG. 6. Unit cell of the rutile TiO2(110) surface. Open circles and
filled circles denote the O2− ion and Ti4+ ion, respectively (Ref. [41]).
A and B denote the adsorption sites of Kr which are energetically
equivalent.

As a possible origin, we suggest a structural phase transition
of the Kr monolayer, because a phase transition is a sudden
change of the lattice structure accompanied by phonon
softening, which may well sharply change θD, resulting in
a sharp change in f . Here, we discuss two mechanisms
of the phase transition in a physisorbed monolayer. One is
the CI phase transition [14], and the other is the OD phase
transition [14,25,26]. The CI phase transition as observed for
Kr on graphite by varying the chemical potential of Kr (the
gaseous pressure) and the temperature of the substrate. The CI
phase transition is not likely to occur in the present system,
because the gaseous pressure was fixed at UHV in the present
experiment.

The OD transition may be a plausible mechanism respon-
sible for the observed temperature dependence of f . In the
unit cell of TiO2(110), there are two energetically equivalent
adsorption sites as depicted as A and B sites in Fig. 6 assuming
that Kr prefers highly coordinated sites with oxygen anions.
When the commensurate layer of physisorbed Kr is completed,
one Kr atom is present in a unit cell. The situation is modeled
with the spin 1/2 Ising model where the pseudospin variable si

takes 1 or −1 when Kr adsorbed on the A site or B site in each
unit cell, respectively, where the Hamiltonian is described as

H = −
∑
ij

Jij sisj , (3)

where the interaction energy Jij is determined by the com-
petition between the van der Waals interaction and repulsion
between the induced dipoles. In the [001] direction, Jij for
the nearest neighboring Kr atoms is expected to be negative,
for the inter-Kr separation is small where the Pauli repulsion
term should dominate, resulting in the formation of the
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antiferromagnetically ordered chain in this direction. On the
other hand, Jij in the [1̄10] direction may be positive or
negative, for the attractive dispersion force and the repulsive
dipole interaction compete in this range of the inter-Kr
separation.

With the above anisotropic model, we expect an OD
phase transition by analogy to the OD transition observed
on the Si(001) surface [25,26]. Here, we assume that the
critical temperature (TC) is located between 19 and 25 K
to account for the observed temperature dependence of f .
At T < TC, the ferromagnetically or antiferromagnetically
ordered structure in the [1̄10] direction is formed, whereas
the structure becomes disordered at T > TC. In the disordered
phase, the Kr atom flips its position between the A and B sites
rather freely in a unit cell, which will result in the softening
of the Kr lattice in the [1̄10] direction in which the SR was
incident on the surface. We therefore propose the temperature
dependence of the NRS intensity observed in the present study
may be a consequence of this structural change which leads
to the decrease of θD in [1̄10] direction. Further structural
and spectroscopic studies will help to clarify the above
anticipation.

V. CONCLUSION

The NRS from 83Kr was obtained for Kr layers with various
thicknesses on TiO2(110). The NRS signal corresponding to
monolayer was estimated to be 0.23 cps. The time spectra
were analyzed by taking account of the dynamical effect, and
the recoilless fraction was evaluated. For the Kr monolayer,
the NRS intensity and the recoilless fraction were found to
sharply decrease upon temperature rise from 19 to 25 K. It is
discussed that the OD phase transition of the Kr monolayer
occurs between 19 and 25 K inducing softening of the Kr
lattice in the [1̄10] direction.
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