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We report our study on the growth of HoN thin films on MgO (100) and LaAlO5; (100) substrates. By using
molecular beam epitaxy, we thermally evaporate holmium in an atmosphere of molecular nitrogen, forming HoN
at slow rates, moderate temperatures and pressures. We are able to carefully and systematically vary the growth
conditions, thereby tuning the nitrogen content of our samples. We explore the differences in the growth window
by looking at the crystalline structure and composition of the films deposited on the different substrates. We
find that HoN has an epitaxial, well-ordered growth on LaAlOs3, in contrast to the three-dimensional growth that
occurs on MgO. Using a combination of in sifu electron diffraction and x-ray spectroscopies, as well as ex situ
x-ray diffraction and SQUID magnetometry, we investigate the structural, electronic, and magnetic properties of

the epitaxial HoN films.

DOL: 10.1103/PhysRevMaterials.7.124405

I. INTRODUCTION

The attractive combination of electronic and magnetic
properties of the rare-earth nitrides (RENs) has generated a
lot of interest in these materials since the early 1960s. How-
ever, recurring problems with the lack of stoichiometry of the
samples and quick oxidation when in contact with air have
created contradicting results and considerable debate, causing
a dimming of the research until the turn of the century. In
the last decade there has been a resurgence of attention to
this series, accompanied by the increasingly popular field of
spintronics, where these materials may have many potential
applications [1-4].

The new studies on the rare-earth nitrides have, in their ma-
jority, focused on the investigation of thin films grown under
vacuum conditions, which allows an improved control of the
cleanliness of the environment and of the composition of the
samples. However, despite the advances of thin film technolo-
gies, the study of REN films presents significant challenges up
to today, due in part to the lack of suitable substrates. These
materials crystallize in a cubic rocksalt structure, with lattice
parameters varying between 5.31 A and 4.76 A across the
series [5]. For HoN it is 4.87 A. Substrates with the same
crystal structure, with a small lattice mismatch, and that do
not react with the rare earth are very limited. This limitation
strongly impacts the realization of well ordered films. In fact,
many studies have reported the growth on highly mismatched
substrates, resulting in polycrystalline samples [6—13]. (100)-
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oriented REN epitaxial films have been successfully grown
on MgO (100) [14], YSZ (100) [15-18], and Si (100) [19],
although the films are still generally rough due to defects or
the formation of a parasitic interface layer. Moreover, conflict-
ing results are still being published and fundamental questions
remain unanswered. The quality of the samples, poor control
of the stoichiometry, and potential degradation may contribute
to this uncertainty. Given the recognized importance of a
precise control of the composition in this class of materials, it
is surprising that there are comparatively few detailed reports
on the growth of REN films [14,15,19-21].

Additionally, most thin film studies report high growth
rates, temperatures, and nitrogen pressures using various de-
position methods like pulsed laser deposition [15,16,18,22],
rf magnetron sputtering [23,24], ion-assisted deposition [8,9],
and molecular beam epitaxy [13,19,20,22], which may con-
tribute to the formation of defects in the samples. In this
paper, we aim for the growth of a REN by molecular beam
epitaxy (MBE) in true ultrahigh vacuum (UHV) base pres-
sures, at slow rates, low temperatures, and moderate nitrogen
pressures, using the example of HoN. In contrast to GdN
[4,13-16,20,25-28] and SmN [2,7,12,19,28-32], this material
has not gathered as much attention in the recent years [8,9],
and a thorough investigation of the growth and stoichiometry
is still lacking. Holmium evaporates at moderately high tem-
peratures (<1000 °C), enabling the use of standard effusions
cells and thus avoiding heavily out-gassing, high-temperature
e-beam evaporators, which are usually used, e.g. for gadolin-
ium [13,26]. In addition, holmium has only one stable valence
state of 3+, in contrast to samarium and europium, and reacts
with molecular nitrogen to form HoN, bypassing the need
for activated nitrogen sources such as ion or plasma sources
or reactive nitrogen precursors as ammonia that represent an
additional source of contamination in the growth process.
Using these careful preparations and clean growth conditions,
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we approach a maximal control over the stoichiometry and
quality of the sample, which is essential for the identifica-
tion and understanding of the truly intrinsic properties of the
material.

Similarly to other RENs, modern calculations predict HoN
to be a semiconductor [33,34], and an optical gap of 1.48 eV
has been experimentally observed for thin films [8]. Further-
more, the full magnetic moment associated with the Ho*t
ion is quite large, with g/ = 10 up. However, different ex-
periments on bulk samples [35-39] and thin films [9] have
consistently reported smaller values than theoretically ex-
pected for a simple ferromagnet. Early neutron diffraction
experiments have proposed a complex magnetic structure for
this material [35], with different authors describing its be-
havior as ferromagnetic [36,38], ferrimagnetic [35,37], and
metamagnetic [39]. Nonetheless, the different studies seem to
conclude that there is a spontaneous magnetization in HoN
with a Curie temperature between 13 and 18 K.

In this paper we report a comprehensive growth study of
HoN synthesized by molecular beam epitaxy (MBE) in UHV.
Our choice of substrates enables the growth of epitaxial HoN
films, in contrast to the few existing reports of polycrystalline
samples [8,9]. A comparison of the growth on two different
substrates further allows to investigate the influence of the
lattice mismatch on the films. The quality of the epitaxial films
is characterized by means of electron and x-ray diffraction,
x-ray spectroscopies, and magnetometry.

II. EXPERIMENT

HoN thin films were grown by MBE on epi-polished MgO
(100) and LaAlO3 (LAO) (100) substrates purchased from
Crystec GmbH and Crystal GmbH, respectively. Prior to the
deposition, the substrates were annealed in sifu at 500-600 °C
for 2 hours in an oxygen pressure of 1x107% mbar in a
chamber different from the one used for the deposition of the
REN.

One of the MBE systems at the Max Planck Institute
for Chemical Physics of Solids (MPI-CPfS) in Germany is
equipped with two effusion cells and a leak valve. High purity
Ho was evaporated from a LUXEL Radak effusion cell, and
the flux rate was measured using a quartz crystal monitor at
the growth position. A flux rate of 1 A /min was typically used.
The rare earth was evaporated in the presence of molecular
nitrogen, supplied through the leak valve. Most of the rare
earths, including Ho, have a catalytic effect that allows a re-
action between the rare earth and N;, spontaneously forming
a REN layer [10]. The nitrogen partial pressure Py, and the
substrate temperature Ty, were varied for each film. For the
optimization procedure, the growth time was fixed at 2 hours,
unless otherwise stated.

The samples were characterized in situ by reflection
high-energy electron diffraction (RHEED) using a STAIB
Instruments RH35 system operated at a kinetic energy of
20 keV and by x-ray photoelectron spectroscopy (XPS)
using monochromatized Al-K, light (1486.6 eV) and a Sci-
enta R3000 electron energy analyzer. The XPS spectra were
recorded at room temperature in normal emission, with an
overall energy resolution of about 0.35 eV. The growth and

in situ characterization are performed under UHV conditions
with base pressures of ~1x 107! mbar.

The characterization was complemented with ex sifu struc-
tural and magnetic measurements. To prevent a degradation
in air, the HoN films were capped in situ with 5-20 nm of
Cr before being removed from the vacuum system. Ex situ
x-ray diffraction (XRD) measurements were performed with a
PANalytical XPert PRO diffractometer using monochromatic
Cu-K, radiation (A = 1.54056 A). The magnetic properties
of the thin films were measured in a MPMS3 SQUID mag-
netometer from Quantum Design with a base temperature of
1.8 K and magnetic fieldsup to 7 T.

X-ray absorption spectroscopy (XAS) measurements were
conducted in situ at the TPS 45A beamline of the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan.
The spectra were measured at room temperature in the total
electron yield mode. In order to obtain an energy reference for
the Ho M, 5 and N K edges, the Eu M5 spectra of EuCoO3 and
the Ti L, 3 spectra of SrTiO; were measured simultaneously
in a separate chamber. An MBE system similar to the one at
the MPI-CPfS is directly connected to the MPI end station,
which allows to reproduce the growth of epitaxial HoN films
with minimal changes in the growth conditions.

III. RESULTS AND DISCUSSION
A. Growth study of HoN films

HoN films were grown by molecular beam epitaxy on two
different substrates, namely MgO (100) and LaAlOs; (100).
MgO, similarly to the RENS, crystallizes in the NaCl struc-
ture. However, it has a significantly smaller lattice constant of
4.21 A, which results in a lattice mismatch in relation to HoN
of about +15.6%. LAO, on the other hand, has a perovskite
structure with a rhombohedral distortion and a pseudocubic
lattice parameter of 3.79 A, yielding a lattice mismatch of
-9.1%, when considering a ﬁ factor, i.e., a 45° rotation of
the cubic lattice.

For the investigation of the quality of the films on both
substrates, we carried out a study consisting of three distinct
sets of samples prepared at molecular nitrogen pressures of
1x10~7 mbar, 1x 10~ mbar and 1x10~> mbar. For each of
the series, the substrate temperature was used as a varying
parameter. The next two subsections explore the different
series by in situ characterization using electron diffraction and
x-ray photoelectron spectroscopy experiments.

1. HoN on MgO (100)

We start the investigation with the films on MgO (100)
substrates grown at a nitrogen pressure of 1x10~® mbar. To
study the crystallinity, we performed RHEED measurements.
Selected diffraction patterns are shown in Figs. 1(d)-1(f). For
the film grown at Ty, = 200°C [Fig. 1(d)], we observe a
ring-like RHEED pattern with sharper, ordered spots superim-
posed. This is indicative of a majorly polycrystalline sample
with some texturing.

Increasing the substrate temperature to 300 °C [Fig. 1(e)]
slightly improves the crystalline structure of the film. Now
the ring pattern disappears, and only the transmission spots
characteristic of a three-dimensional growth are visible. Since
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FIG. 1. Selected RHEED pictures of the annealed MgO (100)
substrate (a) and the HoN films grown at [(d),(e),(f)] Pn, =
1x107® mbar and [(g),(h),(i)] Pn, = 1x 1075 mbar, at the substrate
temperatures indicated in the individual panels. [(b),(c)] Sketches of
the crystal structures of substrate and film indicating the in-plane
orientation of the (100) surfaces for the acquired RHEED patterns.

MgO (100) has a large lattice mismatch in relation to HoN,
island growth and consequent sizable roughness of the film
are indeed expected. The crystallinity of this sample is com-
parable to GAN grown on MgO (100) reported in Ref. [14].
For a substrate temperature of 400 °C [Fig. 1(f)], however, the
RHEED pattern is significantly degraded, hinting towards a
lower quality of the sample and/or the eventual appearance of
extraneous phases.

The composition of the films was then evaluated by XPS
measurements. Figure 2 shows the survey spectra of HoN
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FIG. 2. XPS survey spectra of HoN films grown on MgO (100)
at a nitrogen partial pressure of 1x 107% mbar and at various substrate
temperatures.
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FIG. 3. Ho 4d and valence band XPS of HoN films grown on
MgO (100) at Py, = 1x 1075 mbar [(a),(b)] and Py, = 1x 10~ mbar
[(c),(d)] for various substrate temperatures. Reference spectra of
metallic Ho are shown in black. The insets show close ups of the
VB spectra for the region near the Fermi level.

grown at a nitrogen partial pressure of 1x10~® mbar and
various temperatures up to 400 °C. The lowest temperature
(&70°C) results from the thermal equilibrium between the
unheated sample holder and the Ho effusion cell, which was
reached several minutes after the growth started. For sub-
strate temperatures ranging from =70°C up to 300°C, all
the prominent peaks in the survey spectra are attributed to
either holmium or nitrogen, and no major contamination is
observable. However, the spectrum is significantly different
for Ty = 350°C, where the N 1s peak (396 eV) is very
reduced, while a peak at 531 eV—attributed to oxygen—gains
intensity. The trend continues for Ty, = 400 °C, where the ni-
trogen peak almost disappears and the oxygen peak increases
further. For high substrate temperatures, oxygen seemingly
starts to substitute nitrogen, suggesting a preferred reaction
of holmium with oxygen. The formation of a holmium ox-
ide phase could then also explain the disordered RHEED
observed in Fig. 1(f). The contamination is likely caused by
a reaction with the oxide substrate, facilitated by the higher
temperatures. This is discussed in more detail in Appendix A
and Fig. 10.

To further investigate the quality of the HoN films, we
measured the Ho 4d core level and valence band (VB) spectra
for three films grown at 1x10~® mbar of nitrogen for which
no significant oxygen contamination is observed. These are
shown in Figs. 3(a) and 3(b), together with the respective
spectra of metallic holmium as reference (in black). The Ho
4d spectra were normalized to the height of the peak at around
162 eV, while the valence band spectra were normalized to the
intensity at around 8.7 eV. The XPS spectra of the film grown
at the lowest temperature (in light blue) show clear differences
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from that of metallic holmium. The Ho 4d peaks are broader
in the nitride and, in the case of the valence band, where
the Ho 4f states (=5-10 eV) are predominant, the peak at
~7 eV has higher relative intensity and loses the double peak
shape present in the metal. Moreover, a distinct peak at about
3 eV is now observed. The N 2p states are expected to appear
in that energy range, according to previous XPS and x-ray
emission measurements [8]. In addition, the intensity near the
Fermi level (=0.5 eV) is almost completely suppressed in the
nitride film. For the film grown at 200 °C (light green), the
peak at ~7 eV still has a similar broad character, albeit with
a decreased intensity. The intensity near the Fermi level is
still low. As the substrate temperature increases to 300 °C,
some alterations are noticeable. Namely, the Ho 4d peak at
~160 eV decreases in intensity and becomes narrower, while
the valence band peak at ~7 eV recovers the double peak
feature, thus becoming closer to the spectrum of metallic
holmium. Moreover, the peak close to the Fermi level gains
intensity and is quite pronounced for the film grown at this
higher temperature.

We now direct our attention to the series of films grown
at Py, = 1x 1073 mbar. For these, the RHEED patterns show
no signs of degradation for substrate temperatures of up to
400 °C, the highest temperature used, as can be confirmed in
Figs. 1(g)-1(i). The RHEED patterns look overall similar to
the previous series, but for 300 °C the pattern shows more
elongated spots forming faint streaks, suggesting a better crys-
talline structure for that film.

The XPS survey spectra of this set of samples (not shown)
indicate no significant incorporation of oxygen up to Tgyp =
400 °C, in contrast to the observations on the lower pressure
series. The higher nitrogen pressures used during the growth
therefore allow a larger tolerance in the choice of the substrate
temperature without the unwanted reaction between the rare
earth and the oxide substrate. Nevertheless, for the highest
substrate temperature, some alterations of the valence band
and Ho 4d spectra are observed, see Figs. 3(c) and 3(d).
Similarly to what happens for the series grown at Py, =
1x 10~% mbar, when the temperature of the substrate increases
substantially, the peak at 160 eV decreases in intensity, while
the peak at &7 eV gains a clear double feature and the inten-
sity at (.5 eV increases significantly.

A third series of films was grown at low nitrogen pressures
of 1x10~7 mbar. For these, the XPS measurements show the
presence of metallic holmium even at the lowest substrate
temperature (not shown here). At a substrate temperature of
200°C, XPS shows Ho features closer to the metal, and the
survey spectrum indicates that some oxygen contamination
is already present. The nitrogen partial pressure may not be
sufficient to entirely react with the rare earth, resulting in large
amounts of metallic clusters being present in these films. The
low nitrogen pressure also favors the preferred reaction of
Ho with oxygen at lower substrate temperatures than for the
higher pressure series.

2. HoN on LaAlO5 (100)

A similar growth study was performed on LaAlOsz (100)
substrates. In Figs. 4(d)—4(f) we show a selection of RHEED
patterns of HoN films grown at Py, = 1x10~® mbar. For

HoN (100)

FIG. 4. Selected RHEED pictures of the annealed LaAlO; (100)
substrate (a) and the HoN films grown at [(d),(e),(f)] Pn, =
1x10~° mbar and [(g),(h),(i)] Py, = 1x 1073 mbar, at the substrate
temperatures indicated in the individual panels. [(b),(c)] Sketches of
the crystal structures of substrate and film indicating the in-plane
orientation of the (100) surfaces for the acquired RHEED patterns.

substrate temperatures of 200 and 350 °C they show well-
defined streaks, albeit with some intensity modulation espe-
cially for the lower substrate temperature, characteristic of a
moderately rough surface. This is in contrast to the observa-
tions for the films grown on MgO substrates [cf. Figs. 1(d) and
1(e)], where a polycrystalline/island growth was observed.
Moreover, the lattice constant calculated from the spacing of
the RHEED streaks matches, within the error, the expected
value for HoN with a 45° rotation in relation to the LAO
(100) surface. Despite the considerably high lattice mismatch,
HoN seems to have a relatively well-ordered growth on LAO
substrates.

Similarly to what happens for the same conditions on
MgO, when Ty = 400°C was used, the RHEED pattern
shows signs of degradation [see Fig. 4(f)].

The films were once again characterized by XPS.
Figure 5(a) shows the survey spectra of the films grown at
Px, = 1x107% mbar. For substrate temperatures up to 350 °C
all the peaks belong to nitrogen or holmium. It is worth
noting the difference between the spectra of the films grown
at Py, = 1x 10~® mbar and Ty, = 350°C for the different
substrates [pink curves in Figs. 2 and 5(a)]. When LAO is
used as a substrate no oxygen contamination is observed for
these growth conditions. Nonetheless, by increasing Ty to
400 °C, we still observe a similar behavior where the nitrogen
peak decreases and the oxygen peak gains intensity. This
indicates that it is possible to grow HoN at higher substrate
temperatures on LAO than on MgO. But, given a sufficiently
high Ty, oxygen from the substrate is still reacting with the
rare earth.
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FIG. 5. (a) XPS survey spectra of HoN films grown on LaAlO;
(100) at a partial nitrogen pressure of 1x10~® mbar and substrate
temperatures ranging from 70 °C to 400 °C. The inset shows the
N 1s core levels normalized to the peak height. [(b),(c)] Valence
band XPS for the films grown at Py, = 1x107® mbar (b) and
Py, = 1x107° mbar (c) on LAO. The insets show close ups of the
region near the Fermi level.

The Ho 4d spectra are now very similar across the entire
series, except for Ty, = 400°C, and they look identical to
those of the films grown on MgO at Ty, = 200°C and Py, =
1x107% mbar, and Ty, = 300°C and Py, = 1x 107 mbar
[cf. green curve in Fig. 3(a) and red curve in Fig. 3(c), re-
spectively]. While the differences in the Ho 4d are much more
subtle for the films grown on LAO, some differences can be
observed in other regions. The inset in Fig. 5(a) shows the
N 1s for the same films, normalized to the peak height. It is
noticeable that the peak shifts to higher binding energies as
the substrate temperature increases, with quite a significant
shift for the high temperature film with oxygen contamination.
The valence band region, shown in Fig. 5(b), also shows some
changes across the series. The Ho 4f peak at ~7 eV has a
smaller change than in the previous section, but a tendency
towards a double peak feature is still visible for the highest
substrate temperature where only the nitride is present (Tsy, =
350 °C). Furthermore, the intensity near the Fermi level hardly
changes for substrate temperatures of up to 200 °C. For higher
temperatures the intensity gradually increases.

For the films grown at the highest nitrogen pressure on
LAO, RHEED measurements shown in Figs. 4(g)—4(i) suggest
that the crystallinity of the films is comparable to the series
with Py, = 1x10~° mbar, with a modulated streaky pattern.
In contrast, however, there are now no signs of degradation
even at T, = 440 °C. Furthermore, XPS measurements do
not show any significant oxygen contamination for the en-
tire range of substrate temperatures nor notable differences
in the N 1s and Ho 4d core levels. The valence band XPS
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FIG. 6. N 1s/ Ho 4d (a) and O 1s/ Ho 4d (b) ratios calculated
from the integrated intensities of the corresponding XPS core levels.

spectra, illustrated in Fig. 5(c), show some subtle changes,
especially for the film grown at 440 °C. Here the intensity
near the Fermi level is slightly higher than for lower substrate
temperatures; however the region still has a reduced intensity
when compared to the films grown at high temperature and at
lower nitrogen pressure. This suggests that the films grown at
Py, = 1x 107 mbar on LAO are more robust to temperature
variations, with only minimal changes detected by RHEED
and XPS across the series.

3. XPS evaluation of the nitrogen content

A more quantitative interpretation of the composition and
growth window of HoN can be obtained from the relative
integrated intensities of the Ho 4d and N 1s core levels.
A description of the analysis procedure, using Ho,O3 as a
reference, can be found in Appendix B and Fig. 12. The
ratios are shown in Fig. 6(a) for all the films grown on
MgO (open squares) and LAO (filled stars) substrates. Al-
though this cannot be taken as an absolute indicator of the
stoichiometry of the samples due to systematic errors in the
determination of the integrated intensities, analyzer efficiency,
and photoionization cross sections, as well as possible differ-
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ences in the composition of the bulk and surface, it still is a
valuable tool to understand how the nitrogen pressure and the
substrate temperature affect the nitrogen content in the films.
Additionally, Fig. 6(b) shows the O 1s/ Ho 4d ratios in order
to study the oxygen contamination of the different series of
films. In this regard, it is worth noting that a small amount of
oxygen is always present in the films. Values between 0.1-0.2
result from a slow degradation of the samples over the course
of the XPS measurement, even under UHV conditions. This is
discussed in more detail in Appendix A and Fig. 11.

For the case of the films grown on MgO (100) at the
lowest nitrogen pressure of 1x 10~7 mbar (green squares), the
nitrogen content is quite far below the ideal value (1) even at
the lowest substrate temperature. This suggests that the low ni-
trogen pressure may not be sufficient to entirely react with the
rare earth. By increasing the substrate temperature to 200 °C
the nitrogen content decreases very rapidly and this is accom-
panied by an increase of the oxygen content to values above
the baseline. For the films grown at Py, = 1x107% mbar
(yellow squares) and Py, = 1x 107> mbar (red squares), the
nitrogen content is relatively reduced for the lowest sub-
strate temperature, albeit higher than for the lower pressure
sample, and it reaches its maximum at 200°C (for Py, =
1x107% mbar) or 200-300 °C (for Py, = 1x10~> mbar).
The nitrogen content then decreases slightly at 300°C for
Py, = 1x107% mbar and at 400 °C for Py, = 1x10~> mbar.
This reduction coincides with the changes in the Ho 4d and
especially in the valence band discussed in Sec. I A 1 (see
Fig. 3). The intensity of the peak at ~0.5 eV increases for
these conditions, and the appearance of this feature can there-
fore be taken as a qualitative indicator of a decreasing nitrogen
content in the samples. Upon further increase of the substrate
temperature, the nitrogen content is drastically reduced, coin-
ciding with the sudden increase in the oxygen ratio observable
in Fig. 6(b) resulting from the undesirable reaction between
holmium and the oxide substrate.

As for the films grown on LAO one can observe that the
lowest nitrogen pressure of 1x 10~7 mbar (green stars) allows
the growth of films with higher nitrogen content than the
equivalent series on MgO, although the values still deviate
quite far from the ideal. For 1x10° mbar (yellow stars)
the nitrogen ratio is the highest for substrate temperatures
of ~70°C and 200°C, and has a small decrease for 300 °C
and 350 °C. The reduction happens when the feature near the
Fermi level starts to gain intensity, and the N 1s peak shifts
to higher binding energies, as can be verified in Figs. 5(a)
and 5(b). By further increasing the substrate temperature, the
nitrogen is eventually suppressed and the oxygen increases,
similarly to what was observed on MgO. For the series grown
at the highest nitrogen pressure (red stars) the nitrogen ratio
is relatively constant and close to 1 when the substrate tem-
perature is kept within the range 70-350 °C. For the highest
temperature nitrogen is slightly suppressed, in accordance
with the small changes observed in the VB [Fig. 5(c)].

From these results it is apparent that, for a given, suffi-
ciently high, nitrogen pressure, the N 1s/Ho 4d ratios have
nearly the ideal value for a larger temperature range when
the substrate is LAO. Overall this indicates that the growth of
HoN is more robust on LAO, which results in a larger growth
window. Furthermore one can observe that, for temperatures

above a certain threshold (that varies with the nitrogen pres-
sure and substrate), the nitrogen content invariably decreases
before the rare earth starts to react with oxygen. This evolution
suggests that the higher substrate temperatures favor the incor-
poration of less nitrogen in the films. This has been reported
for other REN thin films [5,19,30,40], and is usually attributed
to the formation of nitrogen vacancies.

From the combined study of RHEED and XPS one can in-
fer the growth conditions necessary to obtain HoN films with
good quality. Firstly, LAO substrates should be used in order
to guarantee films with a relatively good crystalline structure.
Moreover, nitrogen pressures of 1x10~> mbar and substrate
temperatures between 200 and 350 °C were identified as the
best parameters and were used for further characterization of
the optimized HoN films.

B. Structural, electronic, and magnetic properties
of epitaxial HoN

Further investigation of the structural properties of
the films was carried out with x-ray diffraction (XRD).
Figure 7(a) shows the XRD scan of an optimized film with
high nitrogen content and a growth time of 4 hours. The
sample was capped with 5 nm of Cr prior to removing it from
the UHV system. All peaks in the XRD scan are attributed to
either the substrate or the (2n 0 0) family of planes expected
for HoN, and no parasitic phases are observed. XRD yields
a lattice parameter of 4.874 + 0.003 A, in good agreement
with experimental values reported previously [8,9,35]. Fig-
ure 7(b) shows the in-plane ¢ scan of the HoN (111) reflection
(in black), with a fourfold set of peaks, and with a shift
of 45° with respect to the LaAlO; substrate (in gray). The
measurement thus confirms the epitaxial relationship between
the rare-earth nitride and the pseudocubic LAO substrate that
had already been observed by RHEED. In addition, x-ray
reflectivity (XRR) was measured and is shown in Fig. 7(c).
From the period of the interference fringes, one can deter-
mine the thickness of the HoN film, which was found to be
approximately 32 nm. This indicates a thin film growth rate
of about 1.3 A/min. Moreover, the decay rate of the intensity
of the fringes with increasing angle suggests an upper limit of
around 5 A for the roughness of the HoN layer.

To gain information about the electronic structure of the
HoN thin films and to evaluate the valence of the rare-earth
ion, we performed in situ X-ray absorption spectroscopy ex-
periments at the Ho M, s edges and N K edge. The My s
absorption edges probe the 3d'° 4" — 3d° 4f"*+! dipole-
allowed multiplet transitions of the rare earth. Figure 8(a)
shows the spectra of three HoN films with different nitrogen
contents, as determined by XPS. The film whose spectrum is
shown in blue has the highest nitrogen content. In green is the
XAS of a film with about 20% less nitrogen than the previous
sample. The third film, in orange, has a very large nitrogen
deficiency with about 55% less nitrogen than the optimized
sample and it already contains metallic Ho clusters. In addi-
tion, we show a holmium metal reference film in black. When
comparing the spectra of the nitride films and of the metal one
cannot identify any differences. The results are also similar
to the HoN films reported by Brown et al. [8], and to the
Ho® *-compound Ho, O3 [41]. Moreover, the experimental line
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FIG.7. XRD 6 — 26 scan (a), in-plane ¢ scan (b) and XRR curve (c) of HoN grown on LaAlO; (100) for 4 hours at 350°C and

Py, = 1x107° mbar. The film was capped in situ with 5 nm of Cr.

shapes are in agreement with atomic multiplet calculations
for a 4f 10 configuration [8,42]. These observations confirm,
on the one hand, that the 4f states in HoN are localized and
atomic-like and, on the other hand, that the holmium ions have
a stable trivalent state for all the films, independently of their
nitrogen content.

The N K edge provides information about the p-projected
partial density of states of the conduction band. The measure-
ments are presented in Fig. 8(b) for the same HoN samples.
The two main peaks in the spectra of the samples without
metallic clusters, at 400 and 405 eV, have been associated
with the rare earth 5d 1, and e, states, respectively [16].
For the film with high nitrogen content the overall shape
and features of the spectrum look similar to earlier studies
on the same material [8] and other rare-earth nitrides [5,16].
Nonetheless, the low-energy shoulder at ~398 eV is much less
pronounced for our films and the splitting between the main
peaks is larger in the current experiment, when compared to
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FIG. 8. Holmium M, s-edges (a) and nitrogen K-edge (b) x-ray
absorption spectra of three HoN films with varying nitrogen content.
All the films were grown at a substrate temperature of 250 °C. The
optimized film (in blue) was grown at Py, = 1x107> mbar, the
sample with ~20% less nitrogen (in green) was grown at Py, =
1x10~° mbar, and the film with ~~55% less nitrogen and Ho clus-
ters (in orange) was grown at Py, = 5x 1077 mbar. A spectrum of
metallic holmium is included in black in panel (a) for comparison.
All the spectra were normalized to their maximum intensity.

the report of Brown et al. [8]. Furthermore, and in opposition
to the Ho M, s-edges, the N K-edge spectra of the films now
show some differences depending on the composition. In fact,
for lower nitrogen content (in green), a new feature starts to
appear in between the two main peaks, at a photon energy of
approximately 403 eV. For the film with metallic clusters large
changes are observed. The intensity of the peak at 405 eV is
significantly reduced, while the peak at 403 eV gains intensity,
and the peaks at 400 and 410 eV are shifted to lower energies,
in agreement with the more metallic character.

We finally discuss the magnetic properties of an opti-
mized HoN film, investigated by SQUID magnetometry. The
film was grown on LAO at 350°C and Py, = 1x 107> mbar
for 4 hours and was capped in situ with 20 nm of Cr to
avoid oxidation when exposed to air. The background signals
of the sample holder, substrate, and Cr capping layer were
subtracted for all the measurements, and the data presented
here should therefore have the contribution of the HoN layer
only. The routine for the background correction applied to
the magnetization data is described in Appendix C. Fur-
thermore, the thickness obtained from XRR measurements
was used to estimate the magnetization in Bohr magnetons
per Ho ion.

Figure 9(a) shows the temperature-dependent magnetiza-
tion curves of the film, measured after cooling in magnetic
fields of 0.001 T, 0.01 T, 0.1 T, and 1 T parallel to the sample
plane. We additionally show neutron diffraction data from a
polycrystalline HoN bulk sample [35], and magnetization data
measured at an applied magnetic field of 1 T for bulk [38] and
thin film [9] samples.

For the present study, we observe that the magnetization
increases with decreasing temperature for all the applied mag-
netic fields. Moreover, and except for a field of 1 T, there
is a distinct separation between field cooled and zero-field
cooled measurements, as shown exemplarily for the lowest
magnetic field in Fig. 9(b), indicating a clearly predominant
ferromagnetic component in the sample.

In the low-field limit, the transition is nicely shaped
with a Curie temperature of about 27 K, as determined
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FIG. 9. (a) Normalized magnetization as a function of temperature of a HoN film grown at T, = 350°C, Py, = 1x 1073 mbar for 4 hours
and capped in situ with 20 nm of Cr. The sample was measured in field cooled conditions with applied magnetic fields of 0.001 T, 0.01 T,
0.1 T, and 1 T. Experimental data from Child et al. [35], Yamamoto et al. [38] and Cortie et al. [9] are shown for comparison. (b) Field cooled
(FC) and zero-field cooled (ZFC) measurements at an applied magnetic field of 0.001 T. (c) Field dependence of the magnetization at 2 K for

the same film, with a close-up of the low-field region in the inset.

by a linear extrapolation of the magnetization to zero. By
increasing the applied magnetic field, we observe a smear-
ing of the transition. From the direct comparison between
our low-field measurements and the neutron diffraction data
[35] shown in gray circles, we observe that the curves are
similarly shaped, but the previous experiment has a signifi-
cantly lower ordering temperature. In fact, the value observed
in our study is higher than the commonly reported values
in the literature that generally vary between 13 and 18 K
[35,37,38].

The relatively steep transition observed in our sample,
well defined for 0.001 T, contrasts with some of the previous
results on HoN thin films [9] and bulk samples [38], where
the magnetic response in low magnetic fields is very small,
and only for higher fields some increase of the magnetization
is observed for lower temperatures [cf. green squares and
blue triangles in Fig. 9(a)]. Our results are consistent with
the expected predominant ferromagnetic behavior of HoN,
revealing a good quality of the sample.

The magnetic hysteresis loop measured at a temperature
of 2 K is shown in Fig. 9(c) for the same film. The magnetic
moment measured at 7 T is approximately 6 ug/Ho>". Com-
paring the measurement results of various HoN thin films,
we can give an estimate of the accuracy of the magnetic
moment at 7 T to be around £+ 1 ug/ Ho*, which is related to
uncertainties in the determination of the thickness and area of
the sample. Our measured value of about 6 15 /Ho>" is signif-
icantly higher than observed in previous thin film experiments
[9] and close to the range of the saturation values reported
in bulk neutron diffraction measurements on polycrystalline
samples [35] and magnetization on single crystals [39]. Never-
theless, and as usually reported, the ordered magnetic moment
is smaller than the 10 up associated with the Ho’" ion, which
is commonly attributed to complex spin structures or a partial

quenching of the orbital moment induced by crystal field
interactions [9,35,36,39].

Here we would like to note that some of our M(H) mea-
surements have a slope at high magnetic fields that might be
caused by the error introduced by the subtraction of the rela-
tively large background, which has a majorly linear behavior
in high fields. Because of that it is difficult to unequivocally
determine whether a saturation of the magnetization has been
reached at 7 T.

The coercive field is approximately 250 mT at 2 K, as
can be observed in the inset of Fig. 9(c), and decreases to
~200 mT at 5 K, which is more than one order of magnitude
larger than the reported by Cortie et al. [9] and our films seem
magnetically less soft than those in the previous study.

Additionally, we observed that changes of a few percent
in the nitrogen content have an effect on the magnetic prop-
erties of the samples, as the magnetic ordering temperature
decreases with increasing nitrogen deficiency. A decrease of
~3 K was found for a sample with ~4% less nitrogen. This
suggests that samples with lower Curie temperature suffer
from nonstoichiometry. Nevertheless, the moment measured
at high fields does not change significantly indicating that the
moment is largely determined by the 4 f configuration of the
rare earth, which is robust against relatively small changes in
the nitrogen content. A similar observation has been reported
for thin films of DyN [11].

IV. CONCLUSIONS

We have successfully grown (100)-oriented HoN on MgO
and LAO substrates by MBE under UHV and mild temper-
ature conditions, and demonstrated that the nitrogen content
of the samples can be controlled through the variation of the
substrate temperature and nitrogen pressure. The films grow
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epitaxially on the two substrates, as confirmed by XRD and/or
RHEED. Nevertheless, the substrate choice has a notable in-
fluence on the growth window and structural quality of the
samples. We have found that the films grown on MgO are
significantly rough due to the large lattice mismatch between
the nitride and the substrate, while a more robust and well-
ordered growth happens on LAO.

X-ray absorption spectroscopy on the Ho M, 5 edges con-
firmed the trivalent state of the holmium ions independently
of the composition of the samples.

The magnetic properties of an optimized HoN sample were
studied, and we have found a nicely shaped magnetization
curve yielding a Curie temperature of about 27 K, which is
50% higher than previously observed. The measured magnetic
moment at 7 T is in agreement with reports on bulk samples,
and lower than predicted for the Ho’" ion, which may be
related to a complex magnetic structure or a partial quenching
of the orbital moment caused by crystal field effects. Future
measurements at higher magnetic fields could provide more
insights into this open question.
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APPENDIX A: ORIGIN OF THE OXYGEN
CONTAMINATION IN HoN FILMS

We return here to the topic of the oxygen contamination
discussed in the main text. We have observed that, when
growing HoN on both LAO and MgO at temperatures above
350—400 °C and pressures of 1 x 10~ mbar of nitrogen, large
quantities of oxygen were present in the XPS measurements.
Two representative spectra illustrating the issue are shown in
Fig. 10 in gray and red for the two oxide substrates. In order to
investigate the origin of this contamination, we have prepared
a film under the same conditions on a metallic Cr layer, shown
in blue. For the samples grown on MgO and LAO substrates,
we see that the oxygen becomes prevalent, in detriment of
nitrogen, indicating the formation of HoO,. On the other hand,
when a film is grown at the same conditions on metallic Cr,
only a very small oxygen peak is observed. This indicates
that the oxygen is likely being provided by the substrate when
heated to relatively high temperatures.

For the remaining films, grown at lower substrate tempera-
tures and/or higher nitrogen pressures, no significant parasitic
phase of holmium oxide is formed. However, a small oxygen
peak is still always observable. Figure 11 shows the O 1s peak
for HoN grown at Py, = 1x107° mbar and Ty = 200°C
on an oxide substrate (LAO) on the left and a nonoxide
substrate (Cr) on the right. In both cases we show the first
measurement iteration, taken some minutes after growth, and
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FIG. 10. XPS survey spectra of HoN films grown under the same
conditions (T, = 400°C, Py, = 1x 10~% mbar) on oxide substrates
MgO (100) in gray and LaAlO3 (100) in red and a nonoxide substrate
Cr in blue.

the last iteration, approximately 20 hours after the growth.
The sum of all the iterations is also shown in red. For both
substrates the amount of oxygen in the first measurement
iteration is negligible at the lower temperatures. The O 1s
peak rather increases with time. This suggests that, in this
case, the small oxygen contamination does not come from the
substrate nor is it incorporated during the growth. In fact, it
appears to come from the environment of the measurement
chamber, despite the UHV conditions with pressures of about
2x107'° mbar.

APPENDIX B: DETERMINATION
OF N/Ho AND O/Ho RATIOS

In order to gain quantitative information about the compo-
sition of the samples, we calculated the relative concentrations

Py,=1x10'5 mbar, T,,=200 °C

_ {After growth _ 1 After growth
£ 120 h after £ 120 h after
c c
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FIG. 11. O 1s spectra of HoN films grown under the same con-
ditions (Tgw = 200°C, Py, = 1x 107> mbar) on LaAlO; (100) (left)
and on Cr (right). The first measurement iteration, taken immediately
after the growth, is shown in gray. In blue is the spectrum taken at the
end of the entire XPS measurement sequence, approximately 20 h
after growth. The sum of all the iterations is shown in red. The spectra
were shifted vertically for clarity.
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FIG. 12. (a) O 1s and Ho 4d XPS spectra of a Ho,O3 film, used
as a reference for the integration ranges. (b) O 1s, N 1s, and Ho 4d
XPS spectra of HON grown on LaAlO; (100) at Ty, = 350 °C and
Py, = 1x1075 mbar. The subtracted backgrounds are shown in red
and the integration ranges are indicated in blue.

of their constituents from the XPS core levels. We used a
holmium oxide sample as a reference, aiming to reduce the
systematic errors associated with the technique.

For this purpose, Ho was evaporated at 1 A/min in Po, =
5x107% mbar at room temperature on metallic Cr, forming
Ho,03. The Ho 4d and O 1s XPS spectra were measured, as
illustrated in Fig. 12(a) and a background, shown in red, was
subtracted from each of the core levels. For Ho 4d, a Shirley
(integral type) background was used, while for O 1s a linear
background was preferred due to the sloping background. We
calculated the integrated intensities of the core levels from
the peak areas in the energy regions indicated by the blue
markers, and divided them by the respective photoionization
cross sections according to reference [43] (0.1646 Mb for Ho
4d and 0.0400 Mb for O 1s). The integration ranges of Ho
4d and O 1s were chosen such that the ratio O 1s/Ho 4d =~
3/2 was obtained, thereby minimizing the systematic errors
mentioned in Sec. IIT A 3.

We then measured the Ho 4d, N 1s, and O 1s XPS
spectra for the HoN films, shown in Fig. 12(b). In order
to calculate the O 1s/Ho 4d ratios discussed in Fig. 6(b),
we used the same background subtraction and fixed energy
regions as for the oxide. Regarding the N 1s/Ho 4d ratios
discussed in Fig. 6(a), we used the same energy range to
calculate the Ho 4d peak area. For the N 1s, we adopt the
procedure from the O 1s, since the core levels have a similar
shape and relatively close energy position. A linear back-
ground was subtracted and the integrated intensity was cor-
rected using the corresponding photoionization cross section
of 0.0240 Mb.
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FIG. 13. Hysteresis curve at 2 K of the HoN film shown in Fig. 9
including raw data (LAO substrate + HoN + 20 nm Cr + sample
holder, blue), background (reference measurement of LAO substrate
+ 20 nm Cr + sample holder, black), and extracted HoN contribution
(raw data - background, red).

APPENDIX C: BACKGROUND CORRECTION
OF THE MAGNETIZATION DATA

Figures 13 and 14 illustrate the treatment of the magneti-
zation data. To derive the HoN contribution, the background
signal, which was determined by a reference measurement of
the sample holder and a Cr-covered LaAlOs substrate, was
subtracted from the raw data.
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FC — raw data
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— background 06 — HoN
— HoN
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FIG. 14. Field cooled (FC) [and zero-field cooled (ZFC)]
temperature-dependent magnetization curves for various magnetic
fields of 0.001 T, 0.01 T, 0.1 T, and 1 T of the HoN film shown
in Fig. 9 including raw data, background, and extracted HoN
contribution.
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