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Influence of nitrogen stoichiometry and the role of Sm 5d states in SmN thin films
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We report a comprehensive study of the synthesis of epitaxial SmN thin films on LaAlO; (100) by molecular
beam epitaxy under slow-growth conditions. By carefully tuning the substrate temperature and the molecular
nitrogen partial pressure, we are able to control the nitrogen content of our samples and produce near-
stoichiometric, well-ordered SmN thin films. The influence of nitrogen defects on the samarium ion valence
and the electronic structure is investigated by x-ray absorption and photoelectron spectroscopy, suggesting that
the empty Sm 5d states may act as a charge reservoir stabilizing the 4 f° configuration in the nitrogen-deficient
compound. The spectra also reveal a significant hybridization of the Sm 4 f and N 2p states.

DOI: 10.1103/PhysRevB.110.045120

I. INTRODUCTION

Rare earth mononitrides combine interesting magnetic and
semiconducting properties. The strong exchange interaction
in the magnetic low-temperature phase can cause significant
opposite spin splitting in both the rare earth 5d conduction
and nitrogen 2p valence band edges. Charge carriers due to
electron or hole doping are therefore expected to be largely
spin polarized [1]. This makes them attractive candidates for
spintronic devices as a proof of concept or even for potential
applications [2—6], renewing interest in this class of materials,
especially in thin film form.

Samarium nitride (SmN) stands out in the rare earth
nitride series because of its near-zero magnetic moment.
While early experimental bulk susceptibility and magnetiza-
tion measurements described SmN as antiferromagnetic with
a Néel temperature of ~13-15 K [7,8], more recent thin film
magnetization and x-ray magnetic circular dichroism studies
described it as a ferromagnetic semiconductor with a Curie
temperature of ~27-38 K and a near-zero moment of 0.035up
per Sm ion due to a near cancellation of spin and orbital
contributions [9—-11]. Such zero net moment materials can be
advantageous for device applications, such as magnetic mem-
ory elements, due to the absence of stray fields, robustness to
demagnetization forces, and expected small critical currents
required for spin-transfer torque switching [12].

Like other rare earth nitrides, SmN crystallizes in the fcc
rocksalt structure. It has a bulk lattice constant of 5.0481 A
[13]. The semiconducting nature of SmN thin films was
confirmed by resistivity measurements [14] and optical
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spectroscopy, which indicates a band gap of 1.27 eV [15].
Small deviations in the nitrogen stoichiometry can cause dras-
tic changes in the electrical transport properties. SmN thin
films have even been observed to become superconducting
below 4 K for carrier concentrations above 102! cm~3, which
has been associated with nitrogen vacancy concentrations on
the order of a few percent [16].

Unlike most rare earths, which generally have a stable
3+ valence, samarium can also adopt the 2+ valence state.
Here we note that in the rare earth research community, the
rare earth valence commonly refers to the 4f state, in which
Sm>* has the [Xe]4f>5d° configuration and Sm** has the
[Xe]4f%5d° configuration. On the one hand, this degree of
freedom in the valence can complicate sample preparation and
understanding of the properties; on the other hand, it is inter-
esting to investigate the 4 f configuration of Sm in the SmN
lattice, particularly what happens when nitrogen vacancies are
present and how their presence affects the electronic structure
overall.

Despite the tremendous progress in thin film technology in
recent decades, research on SmN and on rare earth nitrides
in general is still challenging, as reflected by many conflicting
results and unresolved questions. The controversies are gener-
ally attributed to the poorly controlled stoichiometry and the
highly air sensitive nature of these materials [1]. The prepara-
tion of epitaxial thin films [11,17-25] is further complicated
by the limited availability of substrates with the same crystal
structure and lattice parameters that do not react with the
rare earths. This often results in significant roughness due to
defects caused by lattice mismatch with the substrate or due
to the formation of parasitic interfacial layers.

Surprisingly, although control of the composition has been
recognized as critical, only a few detailed reports on the
growth of rare earth nitride films exist [11,17,18,22,24]. While
these studies provide relevant initial insights into the growth
of rare earth nitrides, it is important to note that many of them
still suffer from sample quality issues. In addition to the lack
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of suitable substrates mentioned above, the high evaporation
and growth temperatures and nitrogen pressures usually re-
ported, as well as the fast deposition rates and the use of
nitrogen precursors or activated nitrogen gas, may be addi-
tional sources of defects. Moreover, a thorough description of
the growth process is generally not provided.

In this work, we systematically investigate the growth of
SmN by molecular beam epitaxy (MBE) at ultrahigh-vacuum
base pressures, using moderate molecular nitrogen pressures
and deposition temperatures and slow growth rates. The rel-
atively low evaporation temperature of samarium allows the
use of a standard effusion cell, which only slightly increases
the base pressure. Using these clean conditions, we aim for
maximum control of the composition with low defect con-
centration, which is important to study and understand the
intrinsic nature of the material [26].

As a substrate, we use LaAlO; (100), which has a pseu-
docubic lattice constant of about 3.8 10\; i.e., the lattice
mismatch of SmN with the substrate is significant, about 6%
when considering a 45° rotation, but much smaller than, e.g.,
that for MgO (100) [17]. In addition, LaAlO3 is known to
be chemically stable, preventing interfacial reactions observed
for the growth on yttria-stabilized zirconia (YSZ) (001) [23],
GaN (0001) [27], and Si (100) [11]. Thus, the choice of
LaAlO;3 (100) is expected to allow an improved degree of
purity and crystallinity for the deposited SmN films. In fact,
the epitaxial growth of rare earth nitrides on LaAlO3 (100)
substrates was recently demonstrated [26,28].

The influence of the growth conditions on the compo-
sition (nitrogen content) and the samarium valence, more
precisely the 4f configuration, as well as on the crystalline
and electronic structure was monitored by in sifu reflection
high-energy electron diffraction, x-ray and ultraviolet photo-
electron and x-ray absorption spectroscopy, and ex situ x-ray
diffraction.

II. EXPERIMENT

SmN thin films were grown by MBE on epi-polished
LaAlO; (LAO) (100) substrates purchased from Crystal
GmbH. Prior to deposition, the substrates were annealed in
situ in a separate chamber for 2 h at 500-600 °C in an oxygen
atmosphere of 1 x 107% mbar to achieve a clean and well-
ordered substrate surface.

One of the MBE systems at the Max Planck Institute for
Chemical Physics of Solids is equipped with six effusion
cells and a leak valve. High-purity Sm metal, additionally
refined at 1000 °C in a Mo or Ta ampoule before use, was
evaporated from a standard effusion cell. The Sm flux rate
was measured at the growth position prior to deposition using
a quartz crystal monitor and was set to approximately 1 A /min
(Tsm =~ 535°C). We note that the Sm sublimation rate at con-
stant temperature of the effusion cell may decrease slightly
when high nitrogen pressures are supplied during growth.
Thorough degassing of the samarium material ensured that
the background pressure rose only slightly to about 2 x 10~!°
mbar at the evaporation temperature. During deposition, high-
purity molecular nitrogen (6.0) was supplied via a leak valve.
Samarium, like most rare earth elements, has a catalytic dis-
sociative effect that allows it to react with molecular nitrogen

to form SmN layers on the growing surface [29]. Different
substrate temperatures Ty, and nitrogen partial pressures Py,
were chosen for each film. Unless otherwise stated, the growth
time was set to 2 h.

The samples were characterized in situ by reflection high-
energy electron diffraction (RHEED), x-ray photoelectron
spectroscopy (XPS), and ultraviolet photoelectron spec-
troscopy (UPS). A STAIB Instruments RH35 system with
the kinetic energy set at 20 keV was used for the RHEED
measurements. Monochromatic Al K« light (photon energy
= 1486.6 eV) was used for the XPS measurements, and
a nonmonochromatic He discharge lamp (photon energy =
21.2 eV, He I line) was used for the UPS measurements. A
Scienta R3000 electron energy analyzer was used for XPS and
UPS. The data were acquired at room temperature in normal
emission geometry, with energy resolutions of about 0.35 eV
for XPS and about 0.1 eV for UPS. The growth and in situ
characterization were performed under UHV conditions, with
a base pressure of about 1 x 10~'° mbar.

Ex situ x-ray diffraction (XRD) measurements were per-
formed to further characterize the crystalline structure of the
films. To prevent degradation in air, the films were capped
in situ with a 10 nm layer of Cr prior to removal from the
UHYV system. The XRD data were collected using a PANalyt-
ical X’Pert PRO diffractometer with monochromatic Cu K«
radiation (A = 1.54056 A).

Additional in situ x-ray absorption (XAS) and XPS mea-
surements were performed at the TPS 45A beamline of the
National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. The samples were measured at room temperature in
total electron yield mode for XAS and in normal emission
geometry with a photon energy of 1400 eV and an energy
resolution of about 0.2 eV for XPS. As energy references for
the Sm M, 5 and the N K absorption edges, the Eu M5 edge
of EuCoOj3 and the Ti L, 3 edges of SrTiO; were measured
simultaneously. A Pt reference sample was measured to deter-
mine the Fermi level in XPS. The MPI end station is equipped
with an MBE system connected directly to the measurement
chamber. The growth conditions had to be slightly adjusted to
account for the different growth environment.

III. RESULTS AND DISCUSSION
A. Growth study

To optimize the MBE growth conditions and to investigate
the growth window, SmN films were grown on LAO (100)
substrates in two series: a low nitrogen pressure series grown
at Py, = 1 x 107% mbar and a high nitrogen pressure series
grown at Py, = 1 x 107 mbar. The substrate temperature
during growth was used as a variable parameter.

We begin this study with in situ RHEED measurements,
which provide information about the crystalline growth of
our films. Figure 1 displays the diffraction pattern of the
substrate [Fig. 1(a)] as well as exemplary images of the low
nitrogen pressure series [Figs. 1(b)-1(d)] and the high nitro-
gen pressure series [Figs. 1(e)—1(h)] taken immediately after
deposition. We observe that the RHEED image corresponding
to the film grown at room temperature (Ty,, = 25 °C) and low
nitrogen pressure [Fig. 1(b)] shows a diffraction pattern with
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FIG. 1. In situ RHEED images of (a) the annealed LaAlO; (100) substrate before growth and of the SmN films grown at (b)—(d) Py, =
1 x 107° mbar and (e)—(h) Py, =1x 10~ mbar and at the indicated substrate temperatures. The incident electron beam was aligned parallel

to the [001] crystallographic direction of the LaAlOj substrate.

intense, elongated ordered spots and faint powder rings. This
indicates predominantly three-dimensional epitaxial growth
with some polycrystalline contribution [30]. In addition, there
is a fainter second set of spots between the main spots, prob-
ably related to some texturing or structural reconstruction on
the surface. At higher temperatures, the powder rings disap-
pear [Figs. 1(c) and 1(d)], leaving only the transmission spots,
which combine to form modulated diffraction streaks, indi-
cating improved crystal growth. The second set of faint spots
is still visible. RHEED images taken during the growth (not
shown here) reveal an overall improvement in crystallinity
over time.

If we compare these RHEED images with those obtained
from films grown at high nitrogen pressure [Figs. 1(e)-1(h)],
we observe that for the film grown at room temperature
[Fig. 1(e)], the powder rings are more pronounced and the
spots are less sharp than for its counterpart grown at lower
pressure, indicating a lower degree of crystallinity. At Ty, =
200 °C [Fig. 1(f)], the obtained RHEED pattern is similar to
that grown at lower pressure, but with more streaky spots,
implying that the films grow in multilevel stepped surfaces
with a decreasing number of three-dimensional islands for
the elevated temperature. The second set of faint spots men-
tioned previously is also visible. The RHEED pattern shows
significant improvements for the higher substrate tempera-
tures [Figs. 1(g) and 1(h)], for which we observe a mostly
streaked pattern with some modulation, revealing a more two-
dimensional growth character. The second set of faint spots
is no longer present for these films. The crispness of the
RHEED streaks indicates that high nitrogen pressure and a
temperature of 300 °C [Fig. 1(g)] yield the best crystalline
quality.

By utilizing the substrate as a reference for the spacing of
the streaks [Fig. 1(a)] and assuming a 45° rotation of the SmN
layer, we obtain an average lattice constant for all the grown
films of about 5.0 &+ 0.1 A, which, within the accuracy of this
technique, is in good agreement with the literature values of
5.0481 A for this compound [13].

The composition of the films was monitored by XPS mea-
surements. The wide scans (not shown here) displayed only
the core levels related to samarium and nitrogen, demonstrat-
ing a high purity. Figure 2 shows the N 1s and Sm 4d core
level spectra of the different films. We focus first on the Sm 4d
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FIG. 2. N 1s and Sm 4d XPS spectra of the SmN films grown
at (a) and (b) Py, = 1 x 107° mbar and (c) and (d) Py, = 1 x 1073
mbar at the indicated temperatures. The N 1s spectra have been
normalized to the integrated area of the corresponding Sm 4d spectra.
The Sm 4d spectra have been normalized to their highest peak and
are shown together with a Sm metal reference (gray). For clarity,
close-ups of the Sm 4d spectra between 137 and 127 eV are shown.
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spectra [Figs. 2(b) and 2(d)]. We observe that when compared
to a Sm metal spectrum (gray line), the high-intensity features
of the metal can be recognized in the nitride films, albeit with
a significant broadening and smearing of the sharp features of
the metal.

For the films grown at the low nitrogen pressure of 1 x
10~® mbar [Fig. 2(b)], the Sm 4d spectra are similar across
the series but exhibit some small differences. For the feature at
129.5 eV (purple dashed line in the close-up), the peak has the
highest intensity for the film grown at room temperature (in
purple), and its intensity decreases for films grown at higher
temperatures, with the film grown at 300 °C (in orange) having
the lowest intensity in this series. Additionally, we observe a
small increase in the features characteristic of the Sm metal at
128.5 eV (orange dashed line) and at 135.5 eV (gray dashed
line) for the film grown at 300 °C (in orange). These small
changes are similar, albeit less noticeable, for the films grown
at the high nitrogen pressure of 1 x 107> mbar [Fig. 2(d)],
with only the film grown at the highest temperature (400 °C,
in pink) exhibiting a lower intensity at the peak at 129.5 eV.
Our results are similar to those found in the literature [27],
with the features corresponding to the 4d°4f> multiplets of
Sm>* [31]. The 4d°4 f° multiplets of Sm>* [31], which are
observed at about 123 and 121 eV for the Sm metal reference
(Sm**/Sm>* mixed valence surface [32,33]), are not present
in our films.

The N 1s spectra [Figs. 2(a) and 2(c)] also show a trend. We
observe that when normalized to the integrated area of the cor-
responding Sm 4d peak, the films grown at the intermediate
temperatures of each series (100 and 200 °C at 1 x 10~° mbar,
200 and 300°C at I x 107> mbar) have the highest intensities
of the main N 1s peak, indicating a higher nitrogen content
for those films. Additionally, there is a noteworthy difference
in the shape and intensity of N 1s for the film grown at room
temperature and high nitrogen pressure [Fig. 2(c), in purple],
which has an additional peak at ~397.5 eV. This may be
caused by some disorder in the film, which also explains the
poor quality of the RHEED [Fig. 1(e)]. With the exception
of the film grown at room temperature and high nitrogen
pressure, the N 1s spectra show a sharp single peak with no
clear additional features, confirming that the nitrogen reacts
mainly in a single chemical environment and that there are no
multiple nitrogen sites.

To obtain a more quantitative estimate of the stoichiometry
of our films, we calculated the ratios of the integrated inten-
sities of the N 1s and Sm 4d XPS core levels. A background
was subtracted from all spectra as shown in the inset of Fig. 3.
A Shirley (integral type) background was used for the Sm
4d core levels. For N 1s, a linear background was preferred.
The integration range for each core level was kept constant
for all samples. The ratios were calculated while taking into
account the respective photoionization cross sections for the
corresponding photon energy (0.1249 Mb for Sm 4d and
0.0240 Mb for N 1s) [34]. While the results derived from this
method are not an absolute representation of the stoichiometry
of the films due to potential differences between the surface
and the bulk, systematic errors in the determination of the
integrated intensities, analyzer efficiency, and photoionization
cross sections, it is still a valuable method to understand the
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FIG. 3. N 1s/Sm 4d ratios calculated from the integrated inten-
sities of the corresponding XPS spectra. The right axis shows the N
deficiency relative to the highest ratio obtained in this study. As an
example of the determination procedure, the inset displays the N 1s
and Sm 4d core levels of a SmN film grown on LaAlO; (100) at
300°Cand Py, =1 x 10~ mbar (black), the subtracted background
(red), and the integration range (blue).

effect of the substrate temperature and nitrogen pressure on
the growth.

A summary of the results in Fig. 3 shows that the films
grown at a nitrogen partial pressure of 1 x 10~% mbar have
an overall lower N 1s/Sm 4d ratio, with the exception of the
film grown at room temperature, which has a slightly higher
ratio than its high nitrogen pressure counterpart. Additionally,
as mentioned previously for the normalized N 1s spectra of
the low nitrogen pressure series [Fig. 2(a)], we observe that
the ratio decreases for higher temperatures. A reduction in the
nitrogen content of the films prepared at high growth tempera-
tures was also found in other rare earth nitride studies and has
generally been attributed to the formation of nitrogen vacan-
cies [1,11,16,26,35]. For the films grown at Py, = 1 X 10—
mbar, there is an increase of the N 1s/Sm 4d ratio with in-
creasing temperature up to Ty, = 300 °C. For the film grown
at high nitrogen pressure and 400 °C, we observed a slight
increase of O 1s (not shown here). The origin of the oxygen
contamination was investigated in detail for HoN thin films
[26] and is likely caused by a migration of oxygen from the
substrate to the film during the high-temperature growth, re-
sulting in partial substitution of nitrogen by oxygen. We note
that for all the films grown at lower temperatures, the level of
oxygen immediately after growth is below the detection limit.
Only after several hours of measurement do we observe that
the O 1s core level increases slightly due to a slow oxidation
of the surface even under ultrahigh-vacuum conditions.

The film grown at T, = 300°Cand Py, = 1 x 10~ mbar
has the highest N 1s/Sm 4d ratio that has been achieved in
this study and is used as a reference to calculate the relative
nitrogen deficiency, which we include as the right y scale in
Fig. 3. The largest nitrogen deficiency of ~27% is observed
for the film grown at low nitrogen pressure and 300 °C.

With the insights gained from our growth study, we pro-
ceeded to prepare a thicker film (4 h deposition time) under the
best growth conditions (Zy,, = 300°C, Py, = 1 x 10~ mbar)
with the intention of characterizing the crystalline structure in
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FIG. 4. Crystalline structure of a SmN thin film grown on LaAlO; (100) at the optimized conditions for 4 h. (a) XRD 0-26 scan with the
corresponding RHEED image and rocking curve. (b) In-plane ¢ scan. (c) XRR curve. The film was capped in situ with 10 nm of Cr for the

XRD measurements.

more detail using ex situ XRD. To prevent degradation in air,
the film was capped in situ with a 10 nm thick Cr layer.

The peaks in the XRD data [Fig. 4(a)] are consistent with
those of the substrate or of the (2rn00) family of SmN. The
small feature at 65° can be attributed to the Cr of the capping
layer. Other secondary phases are not observed. The XRD
measurement yields a lattice constant of 5.05 A, which is
in agreement with the values published in the literature [13]
and the RHEED results. The rocking curve around the SmN
(200) reflection has a full width at half maximum of about 2°,
comparable to that of other rare earth nitride films [28].

The in-plane ¢ scan [Fig. 4(b)] around the SmN (111)
diffraction peak (in red) shows a fourfold set of peaks with a
shift of 45° with respect to the pseudocubic lattice of the LAO
substrate (in black), indicating that the SmN film is, indeed,
growing at a 45° rotation with respect to the LAO substrate,
as also indicated by RHEED.

From the period of the interference fringes in the x-ray
reflectivity (XRR) measurement [Fig. 4(c)], we determine a
film thickness of about 22 nm, indicating a SmN growth rate
of approximately 0.93 A /min.

B. Electronic structure of SmN

To investigate the influence of the nitrogen content on the
Sm valence/4f configuration, in situ XPS and XAS mea-
surements were performed at the TPS 45A beamline of the
NSRRC, Taiwan. Figures 5-7 show the Sm 3d XPS spectra
and the Sm M, 5 edge and N K edge x-ray absorption spec-
tra, respectively, for three SmN films with different nitrogen
contents as determined from the Sm 4d and N 1s XPS core
levels.

In Fig. 5, the XPS Sm 3d core level spectra of the SmN
films are compared to Sm metal (black). The metal has a
mixed valence surface and serves as a reference for the
Sm* 34°4 5 multiplet and Sm>* 3d%4£° multiplet energy
positions. The features at around 1108 and 1081 eV have
been assigned to the Sm*>* multiplets, the features at 1100 and
1073 eV have been assigned to the Sm>* multiplets [32,36].
Thus, we can readily infer that the spectrum of the SmN
film grown under optimized conditions (red curve) has clear
features of the Sm>* multiplets, while the Sm>* multiplets are

not present, indicating that the samarium ions in SmN have
only the 4f° configuration. Our Sm 3d spectrum is in agree-
ment with measurements on Sm after nitridation reported
in the literature [37]. The measurements on the nitrogen-
deficient samples suggest that the 43 configuration of the
samarium remains dominant even for a film with 19% less
nitrogen (in blue). Only for the film with 30% less nitrogen (in
green) are there small, but noticeable, changes near the energy
positions of the Sm>" multiplets, indicating the presence of
some 4 f° configuration.

A similar trend was observed in the Sm My 5 absorption
edges (Fig. 6). From a comparison of the spectrum of Sm;0O3
of Kaindl et al. [38], which is a pure Sm** compound with
only the 4f° configuration, with our Sm metal reference,
we can deduce that the feature at 1077 eV is related to the
Sm?* 4% configuration. This feature is not observed in the
optimized SmN film or in the film with 19% less nitrogen.
The spectra match rather closely the Sm,Oj3 data, thus further
reinforcing the predominantly 4f° configuration of the Sm
in our films, even for the films with a significantly reduced

Optimized film
19% less N
30% less N
Sm metal

Intensity (arb. units)

B

1080 1070

1110 1100 1090
Binding energy (eV)

1130 1120

FIG. 5. Sm 3d XPS spectra of SmN films grown on LaAlO;
(100) at 250°C and Py, =1 x 107> mbar (red, optimized con-
ditions), at 200°C and Py, =5 x 10~7 mbar (blue, ~19% less
nitrogen), and at 300 °C and Py, = 5 x 1077 mbar (green, ~30% less
nitrogen), together with a Sm metal reference spectrum (black). The
spectra have been normalized to the highest intensity peak.
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FIG. 6. XAS Sm M, s edges of SmN films grown on LaAlO;
(100) at 250°C and Py, =1 x 10~ mbar (red, optimized con-
ditions), at 200°C and Py, =5 X 1077 mbar (blue, ~19% less
nitrogen), and at 300°C and Py, = 5 x 107 mbar (green, ~30%
less nitrogen). A Sm metal reference spectrum (black) and a Sm,0;
reference [38] (orange dots) has been added. For clarity, a close-up
of the Sm M, 5 edges between 1075.5 and 1085.3 eV is displayed.
The spectra have been normalized to the highest intensity peak.

nitrogen content. Moreover, the nearly perfect overlap of
the Sm M4 s XAS spectra, which reflect the dipole-allowed
3d'%4f" —s 3d°4 "+ multiplet transition of the rare earth
ion, indicates that the Sm 4f states in SmN have a localized
atomiclike behavior that is unaffected by considerable quan-
tities of nitrogen vacancies. Only for the film with 30% less
nitrogen is a small presence of the 1077 eV feature belonging
to the Sm*>* 4 £ configuration detected, in agreement with the
XPS data. The large number of nitrogen defects required for
the signatures of the 4 £ configuration to occur could indicate
that they are actually not related to the nitrogen defects per se,
but rather to the formation of Sm metal clusters in the highly
off-stoichiometric SmN films.

Our finding is surprising since nitrogen vacancies are
known to act as electron donors in rare earth nitrides. As
mentioned earlier, Sm has two stable valence states: Sm>*

N K Optimized film
19% less N
30% less N

Intensity (arb. units)

P " 1 " 1 " 1 " 1 " 1 " 1 1
390 395 400 405 410 415 420 425
Photon energy (eV)

FIG. 7. XAS N K edges of SmN films grown on LaAlO; (100)
at 250°C and Py, =1 x 107> mbar (red, optimized conditions), at
200°Cand Py, =5 x 1077 mbar (blue, ~219% less nitrogen), and at

300°C and Py, =5 x 10~7 mbar (green, ~30% less nitrogen). The
spectra have been normalized to the edge jump at 430 eV.

([Xe]4f35d°) and Sm>** ([Xe]4£°5d°), in contrast to many
rare earth elements like Gd and Ho, which have a very stable
3+ valence. Thus, one might expect a different behavior upon
electron doping. For SmN, the introduced electrons could lead
to a reduction in the valence of the samarium ions. Holmes-
Hewett proposed a model based on band structure calculations
[39] in which roughly one of the three electrons per vacancy
site is released to the six samarium ions which octahedrally
coordinate the vacancy, resulting in an intermediate 2+ /34
valence for these ions, while the other two electrons are re-
leased into the valence band. Such a Sm?** 4° contribution
should be readily detectable by XPS and XAS even for only
a few percent of vacancies. The absence of any signature of
4% even for a sample with 19% less nitrogen in our measure-
ments thus raises an important question about where the extra
electrons in the nitrogen-deficient compound are. One might
speculate that the empty Sm 5d states play a role as a charge
compensator, as has been observed for other compounds like
SmBg [40,41]. Forming a [Xe]4 £35d! configuration near the
vacancy, the Sm 5d states could act as a stabilizer for the
4f valence. The electrons in this Sm 5d state will eventually
delocalize due to the large 5d bandwidth and will make the
system metallic.

We focus now on the N K absorption edges which probe the
p-projected partial density of states of the conduction band
(see Fig. 7). The spectrum of the optimized SmN film is in
good agreement with measurements reported in the literature
[14]. In contrast to the samarium edges, we observe a change
in the nitrogen edges for samples with nitrogen deficiencies.
While the overall shape of the N K edge absorption spectra
does not change significantly, the intensity of the features is
considerably reduced for the films with less nitrogen. Given
that the two main peaks at about 400 and 405 eV have been
associated with the rare earth 5d #,, and e, states [42], re-
spectively, one might speculate that there are fewer holes
in the 5d shell, supporting the idea that the extra electrons
indeed occupy the empty Sm 5d shell rather than the 4f
shell.

This leads us to the following picture: In stoichiometric
SmN, the nitrogen takes three electrons from the samarium
to form a Sm 43 configuration. In the presence of nitrogen
vacancies, electrons are transferred back to the samarium,
primarily occupying the 5d states; i.e., the Sm ions adopt a
4£35d" configuration. Only when a critical number of vacan-
cies is exceeded and likely metal clusters are formed does
the occupation of the 4f level, i.e., the formation of the 4 f°
configuration, start to be energetically possible. This scenario
may not be unrealistic if one considers, for example, the case
of Sm metal. SmN and Sm metal have a similar close-packed
Sm network with comparable Sm-Sm distances with a differ-
ence of only 1.3% [43]. In the metal, there are no nitrogen
ions to absorb the electrons from the samarium. Still, the Sm
ions have the 4£°5d"' configuration in the bulk, and only at the
surface can Sm adopt the 4 f° configuration.

We now investigate the valence band (VB) of our SmN
films in more detail for a better understanding of the electronic
structure of SmN as calculations rely on the experimentally
determined energy positions of the Sm 4f states [44]. Fig-
ure 8(a) shows the spectra of a single sample grown under
optimized conditions taken at two different photon energies,
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FIG. 8. (a) Valence band spectra measured with UPS (dark
green) and XPS (teal) for a SmN film grown on LaAlO; (100) at
300°C and Py, =1 x 1075 mbar. A reference Sm metal spectrum,
shifted by —1.2 eV to match the Sm multiplets, is shown in gray. All
spectra have been normalized to the integrated area between 11.85
and 1.15 eV. (b) XPS valence band spectra of SmN films grown on
LaAlOs (100) at 300°C and Py, =1 x 10~ mbar (teal), at 100°C
and Py, = 1 x 107° mbar (blue), and at 300°C and Py, = 1 x 1076
mbar (purple). A reference Sm metal spectrum is shown in gray. The
SmN spectra have been normalized to the highest intensity peak. A
close-up near the Fermi level is shown for clarity.

namely, 1486.6 eV (XPS) and 21.2 eV (UPS). The XPS spec-
trum of SmN (shown in teal) is compared to the spectrum of
Sm metal (in gray). The Sm>* 45 — 4f* final states of both
materials are expected to have a similar multiplet structure.
The metal spectrum has been shifted by —1.2 eV to align the
Sm multiplets. We observe that the Sm** multiplets of the
metal [45] are also present in SmN, albeit with a significant
level of broadening, which can also be seen in other samarium
compounds [46]. However, the peak at ~2.7 eV present in
SmN has no counterpart in the metal spectrum. To identify
the origin of this peak, we measure the valence band at a
second photon energy to make use of the different photon
energy dependences of the photoionization cross sections of
the different elemental subshells. If we compare the pho-
toionization cross sections for the Sm 4f and N 2p states
(Table I), we notice that the Sm 4f states dominate for the
XPS energy, while the N 2p states are emphasized for the
UPS energy. Indeed, the valence band spectrum of the same
sample measured by UPS [Fig. 8(a), in dark green] shows
substantial differences compared to the XPS spectrum. For
the lower photon energy we observe that, as expected from
the cross sections in Table I, the features corresponding to

TABLE 1. Photoionization cross sections of the Sm 4f° and
N 2p? states for the photon energies used in this study [34].

Cross section

Photon energy Sm 4f (Mb) N 2p (Mb)
21.2 eV (UPS) 0.7216 9.688
1486.6 eV (XPS) 0.12x107! 0.72x107*

the Sm multiplets are highly suppressed and that the peak at
2.7 eV, which is present only in nitride, is enhanced, therefore
indicating that it is related to the N 2p states. However, based
on the reported cross-section values, the intensity of the N 2p
states should be negligible compared to the samarium states
for the XPS energy. That is in contrast to our observation,
which shows a clear feature at the nitrogen position for the
XPS measurement. This suggests that the peak at 2.7 eV has to
be related to samarium which, in turn, indicates a considerable
hybridization between the samarium and nitrogen states which
was also predicted by calculations for this compound [47,48].

With the features of the SmN valence band successfully
identified, we now compare the optimized film to the films
with lower nitrogen contents. Figure 8(b) shows the XPS
spectra for selected films grown under different conditions.
These spectra were taken from the same films that are shown
in Fig. 2. We observe that the 2.7 eV peak of the Sm 4f
spectrum is at its highest intensity for the film grown under
the optimized conditions (in teal) and this intensity decreases
gradually for films with lower nitrogen contents, confirming
the hybridization with the nitrogen states. Furthermore, the
peak at ~6 eV for the film with 27% less nitrogen (in purple)
can be associated with Sm metal and thus indicates that the
film might contain Sm metal clusters. This provides further
evidence that the presence of the Sm>* 4 f© multiplet features
previously observed in the highly nitrogen-deficient sample
(Figs. 5 and 6) is, indeed, related to metal clusters.

Last, if we focus on the area around the Fermi level
[Fig. 8(b), close-up], we observe that for the film grown under
optimized conditions (in teal) there is nearly no intensity
at the Fermi level, confirming the semiconducting nature of
stoichiometric SmN. The intensity at the Fermi level increases
with decreasing nitrogen content. Comparing the results of all
SmN samples measured, we find a clear correlation between
the spectral weight at the Fermi level and the nitrogen content
as obtained from the XPS core levels. Thus, considering the
rather stable 4 f° configuration of Sm in SmN, the intensity at
the Fermi level can serve as a qualitative indicator for the pres-
ence of nitrogen-vacancy-induced states of Sm 5d character.
For the lower vacancy concentrations, defect states between 0
and 0.7 eV are formed which then merge into a broader band
with a metallic Fermi cutoff, similar to what was observed in
optical conductivity measurements on SmN_; films [43].

IV. CONCLUSIONS

In summary, we successfully grew (100)-oriented epitaxial
SmN films on LaAlO3 (100) by means of MBE using molecu-
lar nitrogen and moderate growth conditions and showed that
control over the nitrogen content can be achieved through
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careful adjustments of the growth parameters. Combining
XAS and XPS measurements, we were able to gain insights
into the valence state of the samarium ions in SmN, show-
ing its stable 4> configuration even for films with nitrogen
vacancy concentrations of up to about 20%. Knowing that ni-
trogen vacancies act as electron donors, this suggests that the
Sm 5d states may play a crucial role in the nitrogen-deficient
compound, as the empty states can stabilize the Sm 4 f valence
by hosting the extra electrons (4f°5d' configuration). Only
for the films with a very high nitrogen deficiency, which are
expected to already contain metal clusters, did we observe
features corresponding to Sm>* 4f° multiplets, which can
likely be attributed to Sm ions located at the surface.

By taking advantage of the cross-section dependence of
the Sm 4f and N 2p states for different photon energies,
namely, by comparing XPS and UPS spectra from the same
sample, we successfully identified the contributions to the
valence band. Their photon energy dependence indicates
that there is a significant hybridization of Sm with N. XPS

measurements around the Fermi level confirmed the semi-
conducting behavior for stoichiometric SmN and showed an
evolution from distinct defect states into a metalliclike band
with a Fermi cutoff for films with an increasing number of
nitrogen vacancies.
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