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The surface magnetism of Fe(001) was studied in an atomic layer-by-layer fashion by using the in situ
iron-57 probe layer method with a synchrotron Mossbauer source. The observed internal hyperfine field
H,,, exhibits a marked decrease at the surface and an oscillatory behavior with increasing depth in the
individual upper four layers below the surface. The calculated layer-depth dependencies of the effective
hyperfine field |H|, isomer shift §, and quadrupole shift 2¢ agree well with the observed experimental
parameters. These results provide the first experimental evidence for the magnetic Friedel oscillations,
which penetrate several layers from the Fe(001) surface.
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A knowledge of the surface and interface magnetism of
3d transition metals is of interest due to the essential role
that magnetism plays in determining magnetic interactions
and spin-transport properties of nanomagnets and magnetic
heterojunctions. Over the past few decades, various tech-
niques have advanced studies on surface and interface
magnetism [1-4]. However, few experimental studies have
investigated the depth-dependent local magnetic structures
of surfaces and interfaces on the atomic layer level. This
situation is due to the difficulties encountered when
performing depth-resolved investigations at the uppermost
surface of a metal, e.g., with scanning tunneling micros-
copy, or due to the signal arising from a relatively broad
range of depth, e.g., with x-ray magnetic circular dichroism
spectroscopy. One potential approach to study depth-
resolved magnetism at surfaces and interfaces is through
the use of Mossbauer spectroscopy with isotope probe
atoms. In this method, a resonant isotope probe layer is
embedded in a film prepared with the nonresonant isotope.
The hyperfine parameters derived from the resulting
spectrum facilitate depth-resolved analysis of the magnetic
interactions in a single atomic layer [5,6]. The observed
internal magnetic hyperfine field H;, at the nucleus
provides details about the local surface magnetism.
Furthermore, isomer shifts and quadrupole interactions
provide information on the s-electron density and electric-
field gradient at the nucleus, respectively.

Surface magnetism of Fe(001) is a fascinating research
subject for atomic-layer-resolved magnetic analysis.
Theoretical calculations predict 30% enhancement of the
magnetic moment Mg, at the surface and an oscillatory
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behavior with increasing depth in the individual layers,
i.e., a magnetic Friedel oscillation [7,8]. As a relevant
phenomenon, Ohnishi, Freeman, and Weinert theoretically
predicted that H;, is reduced by 30% relative to the bulk
value despite a significant increase in the surface Mg, [9].
Experimentally, Kiauka ef al. studied the surface magnet-
ism of Fe(001) using in situ conversion electron Mdssbauer
spectroscopy with iron-57 as a probe layer [10]. However,
conventional Mossbauer spectroscopy with a cobalt-57
source requires a measurement time longer than several
weeks. Hence, sample surface contamination from residual
gas cannot be avoided even under ultrahigh vacuum
conditions. Consequently, they could not detect the drastic
changes of H;, predicted for the clean Fe(001) surface. To
date, the surface magnetism of iron remains unclear,
particularly its variation toward the bulk region.

High-brilliance synchrotron radiation has greatly improved
the iron-57 probe layer method. Early studies employed
nuclear resonance forward scattering, which records time-
domain Mossbauer spectra, to perform advanced surface
studies [11-14]. Today, synchrotron Mdssbauer sources can
be used to observe energy domain spectra [15-18]. The
modern method can rapidly measure the absorption spectrum
of the iron-57 probe for one monolayer (ML) embedded in the
film surface using the total reflection of iron-57 Mossbauer y
rays filtered from synchrotron radiation [17].

In this study, the layer-by-layer hyperfine parameters of
the Fe(001) surface are determined by the in situ iron-57
probe layer method with a synchrotron Mdéssbauer source.
Additionally, the surface magnetism is discussed by com-
paring experimental results with ab initio calculations.

© 2020 American Physical Society
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In situ synchrotron studies were performed in a special
measurement chamber, which was equipped with a liquid
helium flow cryostat and electromagnetic coils. The cham-
ber had a base pressure below 2 x 107 Pa and was
connected to a molecular beam epitaxy chamber with a
base pressure of 2 x 1078 Pa for sample preparation. The
layer-by-layer hyperfine interactions were immediately
observed in this combined ultrahigh vacuum system by
transferring the samples from the molecular-beam epitaxy
chamber to the measurement chamber without breaking the
ultrahigh vacuum.

Fe(001) films were fabricated by alternatively
evaporating iron-56 and iron-57 from 99.94% iron-56
and 95.93% iron-57 isotopic sources onto precleaned
10 x 10 x 0.5 mm?® MgO(001) substrates under a vacuum
pressure of approximately 10~® Pa (Supplemental Fig. S1
[19]). A 0.8-ML-thick iron-57 probe layer, ¢t = 0.1 nm,
was embedded to the depth of the Nth atomic layer,
N =1-4 and 7, below the surface. These samples are
hereafter referred to as “Nth probe layer samples.”

All samples were prepared according to the following
recipe. An iron-56 (001) layer with a 4.0-4.9 nm
thickness was deposited on MgO(001) at a substrate
temperature of 473 K. Then, 0.8 ML of the iron-57
probe layer and 0-6 ML of the iron-56 were deposited at
300 K to minimize atomic intermixing [10]. The total
film thickness was monitored by a quartz crystal micro-
balance and fixed to 5.0 nm in all samples. The in situ
reflection high-energy electron diffraction pattern
revealed that all samples exhibited body-centered cubic
iron film growth with an Fe(001)[100]//MgO(001)[110]
epitaxial relation. Streaky patterns with intense specular
spots suggested a flat iron surface with (001) terraces
created by two-dimensional growth [20]. This observa-
tion was also supported by ex sifu atomic force micros-
copy (Supplemental Fig. S2 [19]).

The experiments were performed at BL11XU of
SPring-8 using linearly z-polarized 14.4 keV Mdssbauer
y rays with a 154 neV bandwidth produced by a
synchrotron Mossbauer source [16]. The y-ray beam
was vertically focused by an elliptical mirror. The beam
size was 15 um (V) x 1.6 mm (H), and the beam flux
was about 2.9 x 10* photons/s. This beam was intro-
duced into the measurement chamber to perform
grazing incidence measurements [Fig. 1(a)]. An external
magnetic field of 300 Oe was applied antiparallel to the
beam direction to magnetize the Fe(001) film along
the in-plane [110] easy axis. In this arrangement, the
n-polarized incident beam interacted with the four nuclear
transitions of Am = 41. The Mdssbauer absorption spec-
tra were measured by collecting the totally reflected y rays
from the sample surface at an incident angle of 0.1° with a
reflectivity of about 80% [17]. Each spectrum was
obtained within a few hours of sample preparation.
Such short-time measurements significantly reduced the
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FIG. 1. (a) Experimental setup. e,, electric field vector of the
incident beam; H.,, external magnetic field (300 Oe); detector,
Nal(T1) scintillation detector. (b) Mossbauer spectra of the Nth
probe layer samples measured at 300 K. Black solid lines
represent the fitted curves. Red, blue, and green lines represent
three different magnetic components. M(i) represents the mag-
netic component assigned to the iron-57 atoms located in the ith
layer below the surface.

residual gas absorption and oxidation on the Fe(001)
surfaces [21,22] (Supplemental Fig. S3 [19]).

Figure 1(b) presents the Mdossbauer spectra of the Nth
probe layer samples, N = 1-4 and 7, recorded at 300 K. All
samples showed magnetically split Mdssbauer patterns.
The isomer shift ¢ relative to room-temperature a-iron,
quadrupole shift 2¢, and hyperfine field H;,, were derived
from the four-line spectrum using the method proposed by
Zemcik [23]. Because the broadened absorption lines imply
a small magnetic distribution, the spectra were analyzed
using the Voigt function, i.e., a convolution of the
Lorentzian and Gaussian [24]. The Lorentz linewidth
was 0.47 mm/s based on the measurement of a natural
a-iron film (Supplemental Fig. S4 [19]), while the Gaussian
linewidth represented the width of the Hj, distribution
AH;,. Table I summarizes the analysis results.

The spectra of the first, second, and third probe layer
samples exhibited complex profiles composed of different
magnetic components, i.e., small H;, (red lines, around
28 T), large H;, (blue lines, around 36 T), and bulklike H,,,
(green lines, around 32 T) [Fig. 1(b)]. The small H;,, is not
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TABLE L. Experimental hyperfine parameters for the Nth probe
layer samples at 300 K.

N M(i)" A° (%) Hiy (T) 8 (mm/s) 2¢ (mm/s) AHj, (T)
)

1 M(1)* 40 28.05) 0.123) —0.50(6) 6.6(8)
M(2) 37 358(5) 0.06(5) —0.14(10) 4.509)
M(3) 23 3256) —0.02(8) —021(16) 4.3(4)

2 M(1) 15 2772) 0.09(10) —0.38(19) 6.1(18)
M2 51 356(2) 0012) —023(4) 48(6)
M(3) 34 3275 —0.03(4) —0.14(8) 4.3(6)

3 M(2) 45 350(1)  0.04(1) —028(3) 4.2(4)
M@3)* 55 319(1) —0.03(1) —0.19(2) 4.13)

4 M(4) 100 33203) 0.01(1) —0.11(1) 4.2(1)

7 M(7) 100 327(1) —0.01(1) —0.02(3) 3.8(2)

"M (i) represents the magnetic component assigned to the iron-57
atoms located in the ith atomic layer below the surface. An
asterisk denotes the prominent component of the Nth probe layer
sample.

®A is the area percentage of the M(i) component.

due to thermal effects, because the low-temperature experi-
ment provided almost the same results as those at 300 K
(Supplemental Fig. S5 and Table SI [19]). Each sample
exhibited different area percentage values for the three
components. The values depended on the embedded depth
of the iron-57 probe layer. The small H;,, large H;,, and
bulklike H;, components were maximized in the first,
second, and third probe layer samples, respectively.
Furthermore, as the embedding position of the iron-57
probe layer became deeper, the bulklike H;,, component
increased, while the small H;,, component decreased.

The ideal probe layer in the sample was surrounded by
finely distributed iron-57 atoms, which stemmed from the
random deposition and surface diffusion of iron atoms
during the growth process. Figure 1(b) (right) shows a
conceptual diagram. In this case, if the first, second, and
third layers of the iron surface have different H;,, values,
the spectra should exhibit a complex profile with multiple
components. Based on the systematic behavior of the three
components, the small H;,, large H,,, and bulklike H,,
represented the intrinsic hyperfine fields for the first,
second, and third layers from the surface, respectively.
In contrast, the spectra of the fourth and seventh probe layer
samples exhibited a single magnetic component with four
absorption lines, even in the presence of finely distributed
iron-57 atoms. This is because the hyperfine fields of the
neighboring layers at these depth regions are bulklike, and
the overlapping subspectra result in a simple absorption
profile. The prominent subspectrum with the largest percent
area in the Nth probe layer sample was assigned to the
spectrum characterizing the iron-57 atoms located in the
Nth atomic layer from the surface.

Figures 2(a) and 2(b) plot the layer-by-layer hyperfine
parameters derived from the prominent subspectra in
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FIG. 2. Plots of the experimental and theoretical layer-by-layer
hyperfine parameters. (a) Experimental H;,, values and exper-
imental H;, vs theoretical |H | values. (b) Experimental &, 2e,
and AH;, values. (c) Theoretical My, |Hege|, Heores Heonds and
H i values. (d) Theoretical 6 and 2¢ values. Circles and symbols
denote data points. Solid and dashed lines connect data points.
In (a) and (b), some uncertainties are less than the size of the
data points.

the Nth probe layer samples. For comparison, Figs. 2(c)
and 2(d) show the theoretically calculated layer-by-layer
Mp. and hyperfine parameters for a 30-ML-thick Fe(001)
film, respectively. Table II summarizes the values.

In the theoretical calculations, ME,, effective hyperfine
field H.s, and 6 were calculated using the local density
approximation combined with the optimized effective
potential method using the exact exchange potential for
core states [25,26].

H ., whose absolute value corresponds to the experi-
mental H,,, was calculated as the sum of the contributions of
the relativistically corrected Fermi contact interaction [25]

TABLE II Theoretical layer-by-layer magnetic moment and
hyperfine parameters of a 30-ML-thick Fe(001) film.

N*® 1 2 3 4 5 6 7 15

My (ug) 3.07 218 239 227 225 225 222 224
Hes (T) —23.0-35.7-32.5-33.5-32.4-32.8-32.5-32.5
Heoe (T) —37.7-27.9-30.6—29.1 —28.9 —28.9 —28.5 —28.8
Hepa (T) 109 =99 —37 —63 —53 —58 —58 —56
Hy(T) 38 21 18 19 18 19 18 19

§(mm/s) 0.13 0.00 0.00 0.01 0.00 0.00 0.00 0.00
2¢ (mm/s) —0.48 0.07 0.02 0.00 0.01 —0.02 0.01 0.00

N is the number of individual atomic layer from the surface.
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and the unquenched orbital angular momentum H ;. The
relativistic contact term is nonlocal, and the electron spins
are averaged over a sphere with a radius of Zr,, where Z and
r, are the atomic number and classical electron radius,
respectively. This treatment corrected the inaccuracy of
calculations using the classical Fermi contact interaction
[25]. The contact interaction, which is the dominant con-
tribution to H. s at the nucleus, is composed of the
contributions of the ls, 2s, and 3s core electrons H_ .
and 4s conduction electrons H .4 [Fig. 2(c)].

A factor a = —0.24a3 mm/s was used for the calibra-
tion of the isomer shift through the expression § = ap(0),
where a is the Bohr radius and p(0) is the difference in
electron probability density at iron-57 nuclei between the
sample studied and isomer shift reference material, i.e.,
bulk a-iron [25].

The value of 2¢e was calculated based on the electric-field
gradient derived from the full-potential Korringa-Kohn-
Rostoker method [27]. In the measured Fe(001) films, the
magnetic interactions were much larger than quadrupole
interactions. Although spin-orbit coupling had a small
effect under magnetization along the [110] direction, the
calculated asymmetry parameter of the electric-field-
gradient tensor was negligible based on the virtually
preserved tetragonal symmetry with respect to the surface
normal. Therefore, the quadrupole shift 2e is related
to the iron-57 experimental nuclear excited state quadru-
pole moment Q, which is 0.16 b [28], the principal
component of the electric-field gradient V__, and the angle
0 between H,, and the direction of V_, as 2e = eQV . X
(3cos*d — 1)/4. Because V_, is parallel to [001], the angle
0 is 90° and 2¢ = —eQV . /4.

Experiments and calculations provided important
insights into the hyperfine field at and near the Fe(001)
surface. The experimentally observed layer-by-layer H,
exhibited a marked decrease at the surface and an oscil-
latory decay toward the bulk value [Fig. 2(a)]. This
behavior was successfully reproduced by theoretical cal-
culations, except for a difference larger than the experi-
mental uncertainty at the surface [Fig. 2(c)]. Theoretically,
the oscillatory decay of H;, is strongly coupled with the
Friedel oscillation of Mg, as discussed below.

The H.,, of —28.5 T for bulk iron generally provides a
large negative contribution, which opposes the magnetic
moment direction, and its absolute value scales with the
local M. In contrast, H,,q consists of a negative indirect
spin polarization due to s-d hybridization with neighboring
iron atoms and a positive spin polarization caused by intra-
atomic direct s-d exchange interactions. In bulk iron, the
negative indirect polarization is dominant. Thus, H,,q had
the same sign as H g, €.8., Hegna = —5.8 T for N =7.
However, at the iron surface, the low-coordinated surface
atoms reduced the negative indirect polarization, whereas
the large Mg, of 3.07up enhanced the positive direct
polarization, resulting in a large positive contribution

(a) Fe(001) atomic-layer-resolved (b) (c)
electronic density of states
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FIG. 3. Band structures and surface states of a 30-ML-thick
Fe(001) film. (a) Layer-resolved electron density of states.
(b) Spin density map in units of 10~* electrons/aj on the
(110) plane. Each contour differs by a factor of 2. Dashed lines
indicate a negative spin density. (c) Charge density map in units
of 1073 electrons /a3 on the (110) plane. Each contour differs by
a factor of v/2. In (b), the dashed contours between the atoms
exhibit a Friedel-type oscillation penetrating the surface.

H.onq = 10.9 T. Furthermore, the low symmetry of iron
arrangements and the large M, at the surface enhanced the
positive orbital contribution H,y,; = 3.8 T and negative
core electron contribution H,, = —37.7 T, respectively.
Therefore, the absolute value of the effective hyperfine
field, |Heff| = |Hcore + Hcond + Horbit'? was  reduced by
9.5 T compared to the bulk. Meanwhile, in the second
layer, atoms with a small Mg, of 2.18up reduced the
positive direct polarization, whereas the iron atoms in the
first layer with a large My, enhanced the negative indirect
polarization. Consequently, H.,,q had a large negative
contribution of —9.9 T. Here, the orbital and core electron
contributions were comparable to those for bulk iron,

ie., Hoypy=21T and H., = —27.9 T, respectively.
Compared to the bulk, |H. | was increased by 3.2 T.
When repeating this process, |H.| oscillated inversely to
the Friedel oscillation of ME,.. Therefore, the experimen-
tally observed H;, oscillations penetrating the Fe(001)
surface provide direct evidence of a magnetic Friedel
oscillation caused by the surface electronic structure with
a large spin imbalance and d-band narrowing [Fig. 3(a)].

The difference in H;, at the surface between the exper-
imental and theoretical results was unresolved, because the
calculations did not consider the existence of surface defects
on the measured iron films (Supplemental Fig. S2 [19]).
Surface defects were inferred from AH,, increasing toward
the surface, which may be related to the locally modified
magnetism at the surface caused by changes in the co-
ordination number due to surface defects, e.g., edges, steps,
kinks, and vacancies [29-31]. To elucidate the extrinsic
effects, calculations that consider surface defects and more
refined experiments are essential.
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The theoretical calculations predicted other significant
changes in the hyperfine interactions, which are associated
with the surface discontinuity. 5§ showed a large increase,
while 2¢ showed a sharp decrease [Fig. 2(d)]. The former is
attributed to the decreased charge density at the surface,
while the latter is induced by a discontinuous distribution of
the surface charge density. Unlike the surface spin density
[Fig. 3(b)], the surface charge density was already bulklike
structure at one atomic layer below the surface [Fig. 3(c)].
This is because Coulomb interactions screen the charge
density, but such a mechanism does not exist for the spin
density. The charge density variation at the Fe(001) surface
was quantitatively confirmed by our experiments. The
measured § increased significantly in the first layer but
decreased to around zero in deeper regions, N = 2—4 and 7
[Fig. 2(b)]. These observations are consistent with the
theoretical results. Note that the measured isomer shift at
the Fe(001) surface, § = 0.12 mm/s, was approximately
twice the value reported for the Fe(110) surface [32]. This
difference is attributed to the fact that the Fe(001) surface is
more open than the Fe(110) surface, which is theoretically
predicted not to exhibit a magnetic Friedel oscillation [33].
The measured 2¢ data exhibited a large negative value in
the first layer [Fig. 2(b)]. The value became less negative as
N increased from 2 to 4 and eventually reached zero for
N = 7. The large negative value at the surface is consistent
with the theoretical value, reflecting the broken transla-
tional symmetry at the surface. However, the calculations
assuming an ideal Fe(001) surface could not reproduce the
small negative values in the subsurface. Hence, the small
negative values are inferred to be related to the slight lattice
distortion near the surface caused by surface defects [34].

In summary, the layer-by-layer hyperfine interactions on
the Fe(001) surface observed by synchrotron Mdssbauer
spectroscopy revealed that the magnetic Friedel oscillations
penetrate deep into the fourth sublayer. On the other hand,
the charge density is recovered into the bulklike structure at
one atomic layer below the surface. In the future, the in situ
iron-57 probe layer method with a synchrotron Mdéssbauer
source should facilitate additional studies on the surface
and interface magnetism in advanced magnetic and spin-
tronic materials and devices.
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