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ABSTRACT

Structural phase transition is studied in high quality CrN thin films grown by molecular beam epitaxy on MgO(001) substrates. Cross-sec-
tional transmission electron microscopy and x-ray diffraction reveal that the epitaxial relationship between CrN film and MgO substrate is
[100]cen/[100]pgos [110]cen/[110]pg0, and [001]¢en/[001] 0. The films show tensile strain/compression at the CrN/MgO(001) interface,
which relaxes gradually with the film growth. Temperature dependent x-ray diffraction measurements show a first-order structural phase
transition. In addition to the experimental measurements, first-principles theoretical calculations have been carried out for finding a stable
model for the CrN/MgO interface. These calculations determine two possible models for the interface, where a monolayer of chromium
oxide is formed between the CrN and MgO layers.
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I. INTRODUCTION and structural properties of CrN thin films below its Néel tempera-
ture. In the published reports, CrN thin films have been grown by a
variety of growth techniques such as molecular beam epitaxy
(MBE) and radio frequency/direct current sputtering system with
different Cr/N stoichiometric ratios on different kinds of substrates
such as glass, sapphire, MgO, and Si. Some groups reported struc-

Chromium nitride (CrN) is getting much attention in recent
years due to its electronic and magnetic properties and its potential
use for cutting edge technological applications such as anticorrosive
electrodes for supercapacitors,* cryogenic sensors for high magnetic
fields,”™ high temperature thermoelectrics,”” and spintronics.”’

Bulk CrN has been well studied and its structural, electronic, tural, electronic, and magnetic transitions and other groups did not
and magnetic properties have been mostly determined.*”'* For observe these transitions.'**” In our previous studies, CrN grown
example, bulk CrN has a rock salt crystal structure with paramag- by MBE on MgO(001) substrates show the magnetic transition
netic (PM) phase at room temperature (RT), but undergoes a tran- from PM in cubic phase at RT to aFM at low temperatures-l/l’zowz
sition to an orthorhombic crystal structure with antiferromagnetic =~ At low temperatures, our magnetic results are in agreement with
(aFM) phase below its Néel temperature (Ty ~ 270-285K).'*'""? the orthorhombic crystal structure. However, our reflection high
Magnetic stresses have been proposed as the key cause of the struc- energy electron diffraction (RHEED) experiment determines the
tural phase transition."' However, in the published literature, it is tetragonal/cubic crystal structure at the surface. Our calculations
difficult to reconcile disagreement about the electronic, magnetic, show that the orthorhombic crystal structure is more stable
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compared to the tetragonal crystal, but the energy difference is so
small that epitaxial constraints due to the substrate could offset it."*
Our recent experiment on CrN thin films grown on glass and Si
(001) substrates by radio frequency sputtering system shows an
electronic transition from semiconductor at room temperature to
either a metallic or semiconductor phase depending on the oxygen
concentration in the films.*

In this paper, a detailed study has been carried out to investi-
gate a structural phase transition observed in CrN films grown on
MgO(001) substrates by MBE. RHEED, cross-sectional transmis-
sion electron microscopy (TEM), and x-ray diffraction (XRD) have
been used to understand the epitaxial relationship between the CrN
film and the MgO substrate. Temperature dependent x-ray diffrac-
tion measurements have been employed in the temperature range
from 203 to 293K for studying the structural phase transition in
the films. First-principles theoretical calculations have been used to
find a stable model for the CrN and MgO interfaces.

Il. EXPERIMENTAL AND THEORETICAL METHODS

High quality CrN thin films were grown on MgO(001) sub-
strates using a custom designed ultrahigh vacuum MBE.”* The
MgO(001) substrates were cleaned with acetone and isopropyl
alcohol before loading them into a high vacuum loadlock. The sub-
strates were further cleaned in vacuum on the growth stage by
heating them to 1000 + 30°C under a nitrogen plasma flux until
obtaining a streaky RHEED pattern. CrN film growth was com-
menced at 650 + 30 °C under nitrogen rich conditions with N flux
being 3.9 times more than the Cr flux. The Cr flux was generated
by sublimating Cr shots in a dedicated Knudsen effusion cell. A
well calibrated nitrogen flux”® was obtained from a radio frequency
N-plasma generator, which uses 99.999% ultrahigh pure nitrogen
gas source. The growth process was monitored with RHEED and
growth parameters were actively tuned accordingly for high quality
growth. Two films studied in this paper are S45 and S73, which are
670 and 150 nm thick, respectively.

In situ RHEED was used for determining in-plane film quality
and measuring epitaxial relation between the MgO and CrN layers.
The electrons in the RHEED beam were accelerated with 20 keV
energy and the RHEED beam was probing the surface at a grazing
incident angle. Bragg measurement of crystal quality and determin-
ing the out-of-plane lattice constant of the film were carried out by
XRD, which is equipped with a Cu x-ray source that emits k,
(1.5406 A) x-ray photons. Cross-sectional transmission electron
microscopy was employed for acquiring atomically resolved images
of the CrN/MgO interface. Samples for the TEM measurement
were prepared by in situ focused ion beam (FIB) lift-out methods
using an FEI Helios 650 SEM/FIB, and for the surface protection
from the ions, a carbon and Pt/C layers were deposited. The TEM
uses a JEOL JEM-2100F field emission gun microscope with a
CEOS probe corrector in scanning transmission electron micros-
copy mode, in which electrons are accelerated with 200 keV energy.
Both high-angle annular dark-field (HAADF) and bright-field
images were taken simultaneously.

The structural phase transition was studied ex situ by a
custom designed variable temperature x-ray diffraction (VT-XRD)
setup. In the VT-XRD experiment, nitrogen vapor was used to cool
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down the sample. X-ray spectra of the 002 peak of MgO and CrN
were continuously recorded as the sample was either cooling down
or warming up. The CrN temperature is determined by using the
lattice constant and thermal expansion coefficient of MgO in the
equation of linear thermal expansion.

Thermodynamic, structural, electronic, and magnetic properties
of the CrN/MgO(001) interface have been investigated by spin-
polarized first-principles total-energy calculations. Calculations were
performed within the periodic Density Functional Theory (DFT)
framework as implemented in the Vienna Ab initio Simulation
Package (VASP).”® Exchange-correlation energies are treated accord-
ing to the Local Density Approximation (LDA) with the Ceperley-
Alder parametrization.”” The one-electron states are expanded using
the projector-augmented wave basis (PAW)*>*’ with an energy
cutoff of 460 eV. Since Cr and Mg have d-orbitals, the Hubbard cor-
rection (LDA+U)* is employed to treat the highly correlated elec-
trons. The U values of 3.8 and 5.5 ¢V have been used for Cr and Mg
atoms, respectively, similar to the previous reports.”"”” The supercell
method is employed to investigate the interface. Each supercell has a
1 x 1 periodicity and it contains a slab and a large vacuum space of
15A in order to avoid interactions between adjacent slabs. The slab
is formed by seven atomic layers of MgO and eight monolayers of
CrN, where the bottom layers of the MgO are frozen in their ideal
positions to simulate the bulk-like environment. In the geometry
optimization, we require that all force components must be less than
0.01eV/A, and the energy differences less than 1 x 107 eV. The
Brillouin zone is sampled with a gamma centered k-points grid of
7 x 7 x 1 employing the Monkhorst-Pack scheme.””

I1l. RESULTS AND DISCUSSION
Characteristic RHEED patterns of the (001) surface of the

CrN thin film along [100], [110], [120], and [130] are shown in ¢
Fig. 1(a). The images are recorded at room temperature after finish- :

ing the growth of the film. All images show sharp and continuous
streaks in the zeroth-order Laue rings that indicate high quality
crystalline growth. In each RHEED pattern, unique streaks/spots
are marked with Miller indices. Along [110] and [100], only
zeroth-order Laue rings appear (Z[19) and Zpjg); along [120],
zeroth (Z150)), first (Fiiz01), and second-order Laue rings (Spiz07)
appear; and along [130], zeroth (Z[;30)) and second (Spi3)) order
Laue rings appear. (Note: The first-order Laue ring along [130]
appears below the magneto-structural transition of CrN.) The
streaks in the zeroth-order Laue ring appear longer compared to
the streaks in the higher order Laue rings due to the intersection of
the reciprocal lattice rods with Ewald’s sphere. Due to the recipro-
cal lattice mapping, the spacing between the streaks is inversely
proportional to the interplanar spacing of the real crystal; the
closer streaks represent larger interplanar spacing. The four crystal-
lographic directions can be identified by their characteristic streak
spacings. For example, the streak spacing between (00) and (11)
along [110] is smaller than the spacing between two adjacent
streaks along [100], [120], and [130] by V2, v/10, and /5 times,
respectively. The occurrence of the Laue rings along different direc-
tions and the characteristic spacing between the streaks of each ring
is related to the cubic symmetry of CrN at room temperature. The
streak spacing corresponds to an in-plane lattice constant (a)) of
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FIG. 1. RHEED patterns recorded along (a) [110], (b) [100], (c) [120], and (d) [130]. Laue rings along each direction are marked and streaks are labeled with Miller

indices.

4.14 A, which is in the range of the reported values in the
literature.' >’

The XRD pattern of sample $45 is shown in Fig. 2. The x-ray
beam consists of three wavelengths kg = 1.3923 A, ky = 1.54059 A,
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FIG. 2. X-ray diffraction pattern of sample S45. The inset shows a zoomed-in
view of the 002 peaks of MgO and CrN.

and kp, = 1.54439 A. The wavelength of k,; and kg, is very close
and cannot be filtered out completely one wavelength from another
by monochromators in commercially available XRD setups; however,
the intensity of kg is more than the intensity of ky,. At small 26
values (approximately less than 60°), the peak produced by ko, is
convoluted and appears as a shoulder on the right side of the peaks
produced by the k,; wavelength, but at higher 26 values the k,; and
ke, produce separate peaks. The difference between kg and kg wave-
length is relatively large, but the monochromators do not filter out kg
completely from the x-ray beam. For small intensity peaks, the peak
produced by kg is negligibly small, but for high intensity peaks such
as 002 peaks of MgO and CrN, the peak produced by ks wavelength
has significant intensity. The MgO peaks with the wavelength and 26
values enclosed in parenthesis are 002 (kg, 38.59"), 002 (k,1, 42.90°),
004 (kg1, 94.11°), and 004 (kyp, 94.40°) and CrN peaks are 002
(kg 39.19°), 002 (kyy, 43.54°), and 004 (kgy, 95.92°). Further
detailed discussion has been provided in the supplementary mate-
rial.>* The MgO lattice constant is determined to be 4.213 A, which
is in agreement with the reported values of 4.21 A in the literature.”
The 002 peak of CrN appears at 20 = 43.54°. The peak location cor-
responds to out-of-plane lattice constant a, = 4.152 A, which is in
the range of the reported values of 4.13-4.17 A."**"**"" The lattice
constants of the CrN and MgO in the sample are 4.213 and 4.152 A,
respectively. These lattice constants indicate a lattice mismatch

(W% x 100) of 1.45%.

amMgO
Shown in Fig. 3(a) is a cross-sectional HAADF image of
CrN/MgO(001) interface of S73 thin film at low magnification. The
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FIG. 3. (a) STEM image of CrN/MgO(001) bilayer thin films. (b) Atomically resolved image of the CrN/MgO interface. (c) In-plane and (d) out-of-plane interplanar spacing %
versus the number of layers with respect to the interface. (e) Atomically resolved STEM image of the interface showing (100)cy and (100)wgo lattice planes and (f) related <
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FIG. 4. (a) XRD spectra of 002 peak of MgO and CrN in a range of temperature from 293 to 203 K are shown. (b) CrN thin film goes through a structural phase transition
at 256 K.
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TABLE I. Film temperature T vs CrN out-of-plane lattice constant.
T (K) 293.0 270.4 270.4 247.9 247.9 225.3 2253 225.3 202.7
a; (A) 4.152 4.151 4.150 4.148 4.146 4.145 4.146 4.144 4.144

CrN layer is continuous with no cracks in the entire range scanned
by the TEM. The difference in the charge densities of CrN and
MgO layers produces color contrast, and the CrN layer appears
brighter compared to the MgO layer. The thickness of film S73 is
150 nm and of film S45 is 670 nm; however, there is no noticeable
difference in the magneto-structural transition temperature of CrN
in this thickness range."*

An atomically resolved bright-field image of CrN and MgO
taken along [100] ¢,y is shown in Fig. 3(b). Due to the lattice 1.45% of
mismatch between CrN and MgO, the first few CrN monolayers at
the CrN/MgO interface are expected to have in-plane tensile strain.
Using Van der Mervwe model™ for the layer by layer growth, the
critical thickness for the CrN layer on MgO substrates is about one
monolayer, so the dislocations such as edge dislocation may exist in
the film, but have not been observed with the TEM in the scanned
area. The in-plane strain will reduce with more growth, which can be
observed by carefully counting the number of atomic rows at the top
and bottom side of Fig. 3(b). For more quantitative analyses, the
in-plane and out-of-plane interplanar spacing are plotted vs atomic
rows from the interface in 3(c) and 3(d), respectively. Boltzmann fits
on both of the data sets show that the interface is at the 23rd row.
Both data sets have been calibrated with the measured MgO lattice

slope parameter of the curve. (Note: This slope parameter dx does not
correspond to the actual slope of the curve at the inflection point.”)
Fit parameters for the ig—plane data set are cygo0 = 2.107 £ 0.002 A,
cern =2.069 + 0.002A and xp =22.79 +0.37 layer. The CrN
interplanar spacing corresponds to an in-plane lattice constant
(2xcen) of 4.139 + 0.004 A, which matches with the lattice constant
determined by XRD within the margin of error. On the out-of-plane
data set, the fit is applied with the following parameters
cmgo = 2.107 £ 0.046 A, comv =2.053 £ 0.030A  and  xo =
22.80 + 0.40 layer. The CrN interplanar spacing corresponds to an
out-of-plane lattice constant of 4.106 + 0.06 A. The out-of-plane
lattice constant of CrN is smaller than the in-plane lattice constant
due to the in-plane tensile strain. From CrN lattice parameters, its
Poisson’s ratio [v = (in-plane strain)/(out-of-plane strain)] is deter-
mined to be 0.283 + 0.003, which is in agreement with 0.258
(Ref. 40) and 0.28 (41).

Figure 3(e) shows a zoomed-in view of the CrN(100)/MgO
(100) interface, and Fig. 3(f) shows the corresponding model. The
CrN lattice is epitaxial with the MgO lattice and Cr is bonded with O
of the MgO at the interface as determined by the calculations in this
paper. The Cr, N, Mg, and O atoms are represented by blue (large
ball in CrN), green (small ball in CrN), red (large ball in MgO), and
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N
constant of 4.213 A. The Boltzmann equation used for the fit is gray (small ball in MgO) colored balls and labeled in the figure. Both g
CrN and MgO have a rock salt crystal structure, a square unit cell of €
f = cmgo + [conv — empol/[1 + exp((x — xo)/dx)], the (100) plane of the same size as the model is overlaid on the 1
STEM image. This STEM measurement is consistent with the XRD &
where ccov and cygo represent the interplanar spacings of CrN results and reveals that the epitaxial relationship between CrN and 3!
e . . . . ©
and MgO, x, represents position of the interfacial layer, and dx is the MgO is [100]cey || [100]mgo and [001]cen || [001]mgo- £
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FIG. 5. (a) Interface formation energy formalism in their 3D representation. Each plane represents a different interface, and the reference is the ideal MgO(001) surface
(black plane, IFE ~0.2 eV/A). (b) Phase diagram of the CrN/MgO system. The CrO/Mg model is stable in the red colored region (corresponds to Mg-rich region), and the
CrO model is stable in the blue colored region (corresponds to Mg-poor region)
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FIG. 6. Structural models for (a) MgO(001) surface, (b) CrO interface, and (c) CrO/Mg interface.

The structural phase transition in CrN thin films is studied by
VT-XRD experiments. Sample S45 has been cooled down by
flowing nitrogen vapor over the sample from 293 to 203K and
then warmed up by controlling the vapor flow. X-ray diffraction
spectra of the sample have been continuously recorded during both
the cooling and warming cycle. Figure 4(a) shows that during
cooling, the 002 peaks of MgO and CrN shift to the right, and
during warming these peaks move to the left representing contrac-
tion and expansion of the lattice constants. Since this experiment
was not done under vacuum, the difference in intensities is likely
due to the ice formation on the surface. The MgO lattice constant
contracts linearly for the temperature range of this experiment."”
As a result, the temperature of the samples is readily determined
using MgO data from our experiment and thermal expansion coef-
ficient (amgo) of 9.84 x 1076 K™ (Refs. 43 and 44) in equation

T(K) = 293K + 44

a, ongo”

However, the CrN peak position is found

to not shift in a completely linear fashion over the range around
the expected phase transition. This trend is observed in the CrN
out-of-plane lattice constant (a,) vs temperature data presented in
Table I and in Fig. 4(b), where a, is plotted vs temperature. A fit to
the data is obtained by using the Boltzmann equation,

a (T) =4.152 A — 0.008 A/[1 + exp((T — Tn)/A T)],

which gives a transition temperature of 256 + 6 K, which is lower
than what we have reported for the CrN thin films studied by
variable temperature reflection high energy electron diffraction and
variable temperature neutron diffraction experiments.'* There are
two possible reasons for the lower transition temperature observation:
first, in this experiment, the film temperature is determined from

the linear thermal expansion of MgO; and second, the temperature
equilibration time per step was not long enough. Nevertheless,
the nonlinear change in the out-of-plane lattice parameter is very
clear from the plot shown in Fig. 4(b). On the other hand, assuming
linear thermal expansion for the CrN, its thermal expansion coeffi-
cient (acny) becomes 2.9 x 107> K™!, which is 3-4x larger than
reported values 0.75-1.06 x 10~ K~1.'"***"" Similar transition in
the ¢ axis has been reported by Zieschang et al™® for CrN
nanoparticles.

The CrN/MgO interface model is constructed considering
experimental measurements. According to the experiment, CrN
and MgO show the epitaxial relationship [100]cin || [100]pg0 and
[001]cin || [001]mgo. Both CrN and MgO crystallize in the rock
salt crystal structure, with a calculated lattice parameter for MgO of
421 Aand a Mg-O bond distance of 2.10 Aand a CrN lattice
parameter of 4.14 Aand a Cr-N bond length of 2.07 A. The calcu-
lated lattice mismatch is 1.58%, which is in agreement with experi-
mental measurements.

To investigate the thermodynamic stability of the CrN/MgO
(001) interface, various interface models with different types of
atoms and with different number densities have been studied.
Therefore, we have to use the Interface Formation Energy (IFE)
formalism following Ref. 49. In our case, we can define the energy
of the CrN/MgO slab as follows:

ESlub _ ESlab _ ESlab
CrN/MgO CrN MgO
Amgojein = " + Qe + Qmgos
Slab Slab Slab ;
where ECN vo00 Ecne and Eype are the total energies of the

CrN/MgO system, isolated CrN slab, and isolated MgO slab,
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TABLE |I. Interlayer distances and magnetic moments of different layers close to
the interface for the CrO and CrO/Mg models.

Interlayer distance Cr magnetic moment

(A) Layer (up)
CrO model

d,_, 2.07 1 +2.81
dy_s 2.07 2 +2.84
ds, 2.07 3 +2.88
dy s 2.07 4 +3.44
ds_ 2.04 5 -
de_, 2.04 6 -
CrO/Mg model

d_, 2.05 1 +2.84
dy_s 2.06 2 +2.85
ds_, 2.06 3 +3.52
dys 2.06 4 —
ds_e 2.06 5 —
de_, 2.05 6 -

respectively; A is the area of the interface. Qcy and Qo are
defined as

1 1 1
Qcn = A {Ef:lffr - E(nCr + ek — E("Cr — nn) (e, —llN)] )

1 1 1
QMgO = ﬂ l:Ei}I‘;hO - E(”Mg + nO)#Il\;/}gI(() - E(nMg - flo)(/.lMg 7/10):| >

where n; and g; are the number of atoms and the chemical poten-
tial of the ith species.

A 3D plot in Fig. 5(a) shows IFE vs chemical potentials of Cr
and Mg, where each plane represents a different interface model.
For CrN, the chemical potential has been varied from Cr-rich con-
ditions (uc, = %) to Cr-poor conditions (uc, = p2*-um"). For
MgO, the chemical potential has been changed from Mg-rich con-
ditions (i :ﬂf’/’fék) to Mg-poor conditions (i, :pﬁ’ék-ug'"l).
Our reference is the ideal MgO(001) surface (black plane).
According to the formalism, the most stable interface has
the lowest IFE value. Figure 5(a) shows that the two different
interfaces, namely, CrO (blue plane) and CrO/Mg (red plane)
are stable, which have been projected to the 2D phase diagram
shown in Fig. 5(b). For the entire Cr chemical potential from 0 to
—1.66 ¢V and from Mg-poor to Mg-intermediate conditions (from
—6.07 to ~ —4 eV), the interface is mediated by a monolayer of
CrO between the CrN and MgO layers. Oxygen has been acquired
during growth by substitution of Mg atoms in the first layer by
Cr atoms. At Mg-rich and Mg-intermediate conditions (from 0 to
~ 4¢eV) and for the entire range of Auc,, the most favorable
model is the CrO/Mg model. In this case, the O atoms of the first
layer migrate upwards to be placed on top of the Mg atoms and
form a monolayer of CrO. The result is an interface formed by a
layer of CrO and a layer of Mg below.
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The crystal structures of the ideal MgO(001) surface [Fig. 6(a)],
CrO [Fig. 6(b)] and CrO/Mg [Fig. 6(c)] interface models are shown
in Fig. 6. Two types of Mg-O bonds can be distinguished: bonds
parallel (in-plane) and perpendicular (out-of-plane) to the surface.
Parallel Mg-O bonds have the same values as those in bulk, but per-
pendicular Mg-O bonds suffer from an expansion or a contraction
depending on the type of atom exposed at the surface. If the most
exposed atom is oxygen, the bond distance increases to 2.12 A, but if
the most exposed atom is Mg, the bond contracts to 2.09 A. At the
interface, in both stable models, parallel Cr-N bonds suffer from an
expansion in comparison with bulk from 2.07 to 2.10 A. Also, in
comparison with the MgO(001) surface, the interplanar distance
between MgO layers close to the interface is contracted. For the CrO
model, the CrO layer shows an interplanar distance with the upper
CrN and lower MgO layer of 2.07 A. In the case of the CrO/Mg
model, the interplanar distance between the CrO and Mg layers is
2.06 A, the distance between CrO and CrN is 2.06 A, and the inter-
layer distance between the Mg ML and the lower MgO is 2.06 A.
Table IT summarizes the interlayer distance of the different models.
Experimentally, the CrN epitaxial growth is carried out under N-rich
conditions. According to the calculated phase diagram, under N-rich
(Cr-poor) conditions, both interfaces could appear at different ranges
of the Mg chemical potential. Both models have similar interlayer
distances and structural characteristics, so both CrO and CrO/Mg
could grow as the first layer at the interface.

The CrN (001) surface is antiferromagnetic. The aFM configu-
ration is formed by alternating FM layers along the [100] direction
in concordance with previous reports.**>' Therefore, each mono-
layer of CrN perpendicular to the growth direction is aFM. The Cr
magnetic moments of the most exposed atoms are +2.84 15, while
the inner layers have magnetic moments of +2.78 uj, the increase
in the magnetic moment of the most exposed layer could be attrib-
uted to the low coordination of the most exposed atoms. When CrN
is epitaxially grown on MgO(001) substrates, our calculations dem-
onstrate that the magnetic configuration does not change at the
interface. However, we observed that the Cr magnetic moments
increase close to them. In both models, the CrO layer exhibits mag-
netic moments larger than =+ 3.44 up. The neighboring layers of CrN
show magnetic moments of ~ +2.9 . Also, the inner CrN layers
have magnetic moments close to the bulk value, which is consistent
with the reported observation.”” The increase in the Cr magnetic
moments is attributed to the interaction between Cr and O atoms.
Table II summarizes the magnetic moments of both stable models.

IV. CONCLUSIONS

High quality CrN thin films on MgO(001) substrates prepared
by MBE. A temperature dependent structural phase transition in
the films is studied using VT-XRD. The CrN film grows epitaxially
on MgO substrates such that [100]cn || [100]mgos [110]cen ||
[110]mg0, and [001]cen || [001]pgo. VT-XRD experiments indicate
a first-order structural phase transition in the CrN films. The
density functional theory based calculations show that there are
two stable interfaces form betwen CrN and MgO: the CrO model,
where Mg atoms in the top layer have been substituted by Cr atoms
and, in the other model, O moves up to form CrO layer and leave a
pure Mg monolayer. With respect to the magnetic properties,
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calculations show that the aFM behavior observed on the CrN(001)
surfaces remains at the interface. However, an increase in the Cr
magnetic moments close to the interface has been noticed due to
the interactions with the oxygen.
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