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Crystalline phase and orientation control of manganese nitride grown
on MgO „001… by molecular beam epitaxy

Haiqiang Yang, Hamad Al-Brithen, Eugen Trifan, David C. Ingram, and Arthur R. Smitha)

Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701

~Received 19 July 2001; accepted for publication 15 October 2001!

The phase and orientation of manganese nitride grown on MgO~001! using molecular beam epitaxy
are shown to be controllable by the manganese/nitrogen flux ratio as well as the substrate
temperature. The most N-rich phase,u phase~MnN!, is obtained at very low Mn/N flux ratio. At
increased Mn/N flux ratio, the next most N-rich phase, theh phase~Mn3N2!, is obtained having its
c axis normal to the surface plane. Further increasing the Mn/N flux ratio, theh phase~Mn3N2!
having itsc axis in the surface plane is obtained. Finally, the« phase~Mn4N! is obtained at yet
higher Mn/N flux ratio. The structural phase variation with Mn/N flux ratio is due to the kinetic
control of the surface chemical composition, which determines the energetically most favorable
phase. For a given Mn/N flux ratio, the phase is also found to be a function of the substrate
temperature, with the less N-rich phase occurring at the higher substrate temperature. The change of
phase with temperature is attributed to the change in the chemical composition resulting from the
diffusion of N vacancies. Since the magnetic properties of MnxNy depend on the phase, the Mn/N
flux ratio provides a way of directly controlling the magnetic properties. A phase diagram for
molecular beam epitaxial growth is presented. ©2002 American Institute of Physics.
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I. INTRODUCTION

Transition metal~TM! nitride materials, such as ScN an
TiN, have attracted considerable attention both for th
structural ~high hardness! and electronic~from metallic to
semiconducting! properties.1–7 Certain TM nitrides, includ-
ing MnN,8,9 CoN,10 and FeN,11 are also promising due to
their potential magnetic properties. Moreover, since III–
magnetic semiconductors such as MnGaAs are under in
sive investigation,12 the possibility of forming a magnetic
nitride semiconductor, such as MnGaN, which could ta
advantage of the unique properties of nitrides, is v
attractive.12–15 In addition, it is also of great interest to ex
plore magnetic nitride layers for the possible formation
ferromagnetic/nitride semiconductor multilayers, whi
might be used for spintronic applications. It is thus importa
to investigate the epitaxial growth and properties of magn
nitrides, and in this article we discuss the case of mangan
nitride.

Manganese nitride~MnxNy) is known to form different
bulk phases, includingu ~MnN!, h ~Mn3N2), z ~Mn5N2,
Mn2N, and Mn2N0.86!, and« ~Mn4N!.8,9,16–24Both structural
and magnetic measurements have been reported for mo
these bulk phases, and particular attention has been pa
the u, h, and« phases. Bothh and u phases are known to
have NaCl-type face-centered-tetragonal~fct! structure at
room temperature. Forh-Mn3N2, the measured Mn:N com
position ratio matches very well with the ideal Mn:N com
position ratio of 3:2. N vacancies in Mn3N2 are found to
preferentially incorporate into every third layer, resulting
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an ordered vacancy superlattice, according to the mode
Jacobs and Kreiner.8,20 The ideal Mn:N composition ratio for
u-MnN is 1:1, however, most reported composition rati
have been closer to 6:5, leading some authors to refer to
u phase as Mn6N5 or Mn6N51x .16,17,19However, little or no
evidence has been shown that Mn6N5 is an ordered phase
rather, the ratio only indicates the presence of N vacanc
which are randomly incorporated into the octahedral latt
sites.17 Both u and h phases have been reported to be an
ferromagnetic with Ne´el temperatures of 650 K9,18,19and 925
K,18 respectively. The« phase has been reported to be fer
magnetic with a Curie temperature of 738 K.21–23 The «
phase is also reported to have face-centered cubic~fcc! struc-
ture at room temperature with Mn atoms occupying the ei
corner sites and six face-center sites and the N atom loc
at the body center.22

While much has been learned from these prior studies
bulk MnxNy , it is important to investigate the possibility o
epitaxial layer growth, which is important for device app
cations. Recently, Yanget al. reported the growth of smooth
epitaxial layers ofh-Mn3N2 with its c axis parallel to the
growth plane on MgO~001! substrates using molecular bea
epitaxy ~MBE!.25 Yet, as discussed above, there are ma
phases of manganese nitride, and also different orientat
of a given phase may occur. With MBE, it should be possi
to control both the phase and the crystalline orientation
varying the growth parameters. In this work, we show h
to control the phase and orientation of manganese nit
grown on MgO~001! substrates by varying the Mn/N flu
ratio JMn /JN and also by varying the substrate temperat
Ts . In particular, it is shown that theu-MnN, h-Mn3N2, and
«-Mn4N can each be grown by varying these parameters
il:
3 © 2002 American Institute of Physics
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1054 J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Yang et al.
To achieve these results, many films have been grown
MBE under different growth parameters, each time beg
ning with a new substrate. The phases are determ
through a combination of reflection high energy electron d
fraction ~RHEED!, x-ray diffraction~XRD!, and Rutherford
backscattering~RBS!. Lattice constants are determined fro
the data, and these are plotted versus the various gro
parameters in order to see the detailed dependence on gr
parameter. From the data, a diagram of the phase with
orientation is derived, and some schematic models for
observed phases and orientations are presented.

II. EXPERIMENT

The growth experiments are performed in a custo
designed ultrahigh vacuum system consisting of a M
chamber coupled to a surface analysis chamber. The M
system includes a solid source effusion cell for Mn and a
plasma source for N. After being heated up to 1000 °C for
min with the nitrogen plasma turned on, the MgO substr
temperature is lowered to the growth temperature, and
growth begins.

For these experiments, the growth temperature is va
from 250 to 600 °C and is measured by means of a ther
couple in contact with a metal heat shield located direc
behind the substrate heater. The nitrogen flow rate is se
about 1.1 sccm~growth chamber pressure5 1.131025 Torr!
with the rf power set at 500 W. This combination of flow ra
and plasma power is known to give an effective N fluxJN

;3.631014 cm22 s21, which was determined from our pre
vious study of ScN growth in the same system.5,6 Here, we
assume the same value of N flux in the case of MnxNy based
on the similarity of the bonding geometries; for examp
ScN and MnN both have octahedral bonding, and thus
growth mechanism is likely to be similar. The Mn flux
controlled in the range from 3.031013 to 6.0
31014 cm22 s21 and is measured by means of a quartz cr
tal thickness monitor located inside the growth chamb
Also, the final film thickness, which has a range of 70
3300 Å, is measured using a DEKTAK profilometer, and t
growth rate, which is in the range of 35–300 nm/h, is th
determined from knowledge of the total growth time.

The growth condition is monitored using RHEED wi
incident electron beam energy of 20 keV, which enables
determination of the surface crystal symmetry and surf
lattice parameters. After removal from the ultrahigh vacu
chamber, the samples are investigated using XRD w
CuKa x rays to determine the crystal structure and latt
parameters along the direction normal to the substrate
face. RBS is applied to determine the bulk Mn/N compo
tion.

III. RESULTS AND DISCUSSION

A. Structure versus Mn ÕN flux ratio

Figure 1 shows the typical RHEED patterns for t
MgO~001! substrate surface just after heating and cool
down to growth temperature~a! and for the manganese n
tride surfaces at different Mn/N flux ratios in increasing o
der of flux ratio ~b!–~e!. All patterns were acquired at th
Downloaded 23 Aug 2002 to 132.235.22.111. Redistribution subject to A
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growth temperature of 450 °C. Those on the left are with
electron beam along the@100#MgO direction, while those on
the right are with the electron beam along the@110#MgO di-
rection. All patterns are streaky, indicating that both the st
ing substrate and film surfaces are smooth.

Since MgO has rocksalt structure with each sublatt
having fcc structure, the spacing between first order stre
along @100#MgO is 4p/aMgO; along @110#MgO, the RHEED
streak spacing is 4p/A2aMgO. Since the structure of MnxNy

is similar to that of MgO, the in plane lattice parameters
MnxNy corresponding to the spacings between diffract
streaks can be calculated by usingaMn–N5aMgO

3(SMgO/SMn–N), where SMn–N and SMgO are the spacings
between first order streaks of manganese nitride and M
substrate, respectively, andaMgO is the lattice constant o
MgO.26 To obtain the spacing between two diffractio
streaks accurately, we fit Lorentzian functions to the stre
profiles ~obtained by taking a line section of the RHEE
data! and then obtain the streak spacing as the differe
between the two resulting peak centroids.

Since all the RHEED patterns, including those of t
substrate, were obtained at the growth temperature of a g
sample, the value foraMgO used to calculate the surface la
tice constant for manganese nitride is the value for that te
perature, corrected for thermal expansion using the kno
thermal expansion coefficient for MgO,aMgO51.3

FIG. 1. RHEED patterns of MgO and various phases of manganese ni
grown at a substrate temperature 450 °C:~a! MgO, ~b! u phase~MnN!; ~c!
h' phase~Mn3N2!, c axis perpendicular to surface;~d! h i phase~Mn3N2!, c
axis parallel to surface; and~e! « phase~Mn4N!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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31025 K21.27 Therefore, the in-plane lattice constants r
ported here for manganese nitride are for the particu
growth temperature. These values will be slightly smaller
room temperature. A separate measurement of the RHE
spacing forh-Mn3N2 showed less than 0.5% change b
tween room temperature and 400 °C; so we expect the m
sured in-plane lattice parameters to be within 0.5% of
room temperature values.

As seen in Fig. 1~b!, for JMn /JN50.24, the RHEED pat-
terns along both directions are very similar to those of Mg
Also, rotations about the sample normal by multiples of 9
show identical RHEED patterns to those in Fig. 1~b!. Thus
the growth is epitaxial with the substrate and has fourf
symmetric structure. For this flux ratio, the in-plane latti
parameter is determined by the above-described procedu
be 4.22 Å. This value is very close to the reported latt
parametera of fct u-MnN, 4.2193 Å.19 Moreover, it will be
shown below that XRD and RBS also confirm the sa
phase assignment, showing that at the low Mn/N flux ra
the u-MnN is obtained.

As shown in Fig. 1~c!, for JMn /JN50.39, the RHEED
patterns are nearly identical to those of Fig. 1~b! except for a
very slight change in the streak spacing, resulting in an
plane lattice parameter of 4.21 Å. This value is very close
thea of h-Mn3N2, which is reported to equal 4.2046 Å.19 As
discussed below, XRD and RBS confirm that this film h
h-Mn3N2 structure with thec axis perpendicular to the sur
face, which will be referred to ash' .

As shown in Fig. 1~d!, for JMn /JN50.87, the RHEED
pattern shows additional features not seen at lower flux ra
In particular, we observe two closely spaced primary diffra
tion streaks along each@100#MgO direction. In addition, there
are also1

3-order fractional streaks along the same directio
The detailed discussion of the structure of this film has b
recently reported by Yanget al.25 It is found that the inner-
most streaks correspond toa ~54.21 Å! while the outermost
streaks correspond toc/3 ~54.047 Å! of the fct h-Mn3N2

structure. The1
3-order fractional streaks correspond to t

superlattice formed by the missing planes of N atoms wh
occur every third atomic plane in the structural model for
h phase.8 Thus, for this growth condition, it is found that th
c axis of Mn3N2 is parallel to the surface plane; hence, w
refer to this phase and orientation ash i .

As shown in Fig. 1~e!, for JMn /JN51.67, the RHEED
patterns are not quite as streaky, and some weak additi
spots are observed along@110#MgO, suggesting that the film
is not as smooth and well ordered as films grown at low
flux ratio. However, fourfold symmetry is still observed, in
dicating epitaxial growth with the substrate. In additio
weak 1

2-order fractional streaks are observed along@100#MgO,
indicating a 23 periodicity perpendicular to this direction
These observations are all consistent with the«-Mn4N,
which is reported to be fcc with a N atom at the body
center.22 For example, the distance between body cen
equals 23 the interatomic row spacing, which explains th
1
2 -order fractional streaks. From the streak spacing, the
sulting in-plane lattice parameter is calculated to equal 3
Å. This is close to the lattice constant reported for«-Mn4N
~3.87 Å!.22 Although the agreement is not perfect, it will b
Downloaded 23 Aug 2002 to 132.235.22.111. Redistribution subject to A
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shown below that the XRD and RBS data support the ass
ment of«-Mn4N phase.

Figure 2 shows XRD spectra for different mangane
nitride films grown on top of MgO~001! in order of increas-
ing Mn/N flux ratio, corresponding to the RHEED patter
presented in Fig. 1. The spectra were obtained at room t
perature and are plotted in semilog scale to amplify sm
peaks. While our x rays include bothKa1 and Ka2, an
averageKa wavelength ofl51.542 Å is used to calculate
thed spacings. For the substrate, we observe a single diff
tion peak at 42.94° giving ad spacing of 2.106 Å. This peak
is therefore 002 of MgO corresponding to a lattice const
of 4.213 Å.26

As shown in Fig. 2~a!, for JMn /JN50.24, XRD shows
two major peaks. The first peak at 42.94° is 002 of MgO;
second peak at 43.99° gives a perpendiculard spacing of
2.06 Å. Since 2d equals 4.12 Å, which agrees well with th
reported value ofc for u-MnN~4.1287 Å!,19 we assign this
peak to be 002 of MnN. Combining the RHEED and XR
results together, we conclude the layer is fctu-MnN with the
c axis perpendicular to the surface.

For JMn /JN50.39, we observe a different set of peaks
the XRD spectrum, as shown in Fig. 2~b!. The first main

FIG. 2. XRD spectra of various phases of manganese nitride grown
substrate temperature of 450 °C:~a!–~d! correspond to the RHEED pattern
shown in Figs. 1~b!–1~e!. The spectra are plotted in semilog scale.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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peak is again 002 of MgO at 42.94°; the second main p
occurs at 44.81°, giving a perpendiculard spacing of 2.02 Å.
Since 632.02 Å equals 12.12 Å, which agrees well with th
c of h-Mn3N2 which is reported to be 12.131 Å,19 we con-
clude that this peak is 006 ofh-Mn3N2. The third main peak
occurs at 29.45°, giving ad spacing of 3.03 Å. Since 433.03
Å equals 12.12 Å, which also agrees withc of h-Mn3N2, this
peak is thus 004 of Mn3N2. Combining the RHEED and
XRD results, we find that this film hash' structure witha
54.21 Å andc512.12 Å with thec axis normal to the
growth plane.

For the sample grown atJMn /JN50.87, only one main
peak is observed at 42.94°, as shown in Fig. 2~c!. As this
peak coincides with that of MgO 002, we conclude that
perpendicular lattice constant is close to that of MgO.
described above based on the RHEED analysis as well as
previously reported result which also made use of scann
tunneling microscopy and neutron scattering~NS! data, this
film has theh i structure with thec axis in the plane of the
surface. Hence, this XRD result is in good agreement si
the perpendicular lattice spacing of this film should bea of
Mn3N2, 4.21 Å, which is close toa of MgO ~4.213 Å!.8,25

As seen in Fig. 2~d!, for JMn /JN51.67, XRD shows two
main peaks, one at 42.94° corresponding to 002 of MgO,
other one at 47.06°, yielding a perpendiculard spacing of
1.93 Å. Since 231.93 Å equals 3.86 Å, which agrees ve
well with the reporteda of «-Mn4N,22,28we assign this peak
to be 002 of Mn4N. Additionally, a small peak at 22.97° i
observed~not shown!, which gives ad spacing of 3.87 Å.
Therefore, this is the 001 peak of Mn4N. We conclude from
RHEED and XRD data that for the Mn/N flux ratio of 1.6
the film has«-Mn4N structure.

In addition to the main peaks seen in Figs. 2~a!–2~d!,
some tiny peaks, such as that at 47.06° corresponding to
002 peak of«-Mn4N, also appear in Figs. 2~a!–2~c!. How-
ever, the intensities of those peaks are much smaller than
intensities of the main peaks, meaning that for a given fl
ratio, the film is mainly single phase with, however, a ti
fraction of other phases present. Another example of thi
seen in Fig. 2~c! for theh i phase/orientation in which a tin
fraction ofh' is also present, as seen by the tiny peaks n
44.81° and 29.45°.

To estimate the phase purity of the various films, Tab
shows the normalized intensities of the various XRD pe
for each film, where the intensity of the MgO 002 peak

TABLE I. Relative peak intensities of XRD spectra shown in Fig. 2. T
intensities of MgO 002 are normalized to 100.00. Columns one and two
the Mn/N flux ratios and the corresponding phases and orientations.
one gives the corresponding peak indices and positions. Bold indicate
main peak~s! for a given phase.

h' 004 « 111 MgO 002 u 002 h' 006 « 002
Mn/N flux

ratio Phase 29.45° 40.44° 42.94° 43.99° 44.81° 47.0

0.23 u 0.00 0.00 100.00 19.87 0.00 0.25
0.40 h' 5.82 0.14 100.00 0.00 102.52 0.17
0.93 h i 0.06 0.25 100.00 0.00 0.26 0.07
1.76 « 0.00 0.07 100.00 0.00 0.12 1.58
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normalized to 100.00. The intensities of the primary pea
for each phase are indicated in bold. For theu phase, the
sample was only 1400 Å thick, which explains why theu
002 peak height is only 20% of the MgO 002 peak heig
however, no other major peaks besides the substrate pea
seen. For theh' sample~thickness 4700 Å!, the 006 peak
height is even larger than that of MgO 002. For theh i

sample~thickness 3300 Å!, the Mn3N2 020 peak height can
not be determined because of the overlap with MgO 0
however, the other peaks are extremely small. Finally, for
« sample~thickness 3300 Å!, the height of the 002 peak i
less than 2% of the MgO 002 peak. Yet RHEED shows
sign of theh i phase, and no other major peaks are observ
The small« 002 peak may imply some disorder, misorient
tion, and/or off-stoichiometry for this growth condition. Ye
in all, the results suggest that each sample corresponds
specific phase of manganese nitride.

Figure 3~a! is a plot of the numerical results for growt
at substrate temperature 450 °C, showing the lattice par
eters for the four different observed manganese nitride ph
orientations versus the Mn/N flux ratio. Filled markers re
resenta, and empty markers representc or c/3. In addition to
results for the four samples described in Figs. 1 and 2, res
for three additional films grown at the same substrate te
perature are also shown. As can be seen, the lattice pa
eters within a given phase are observed to vary slightly w
the flux ratio. For example,a andc for the u phase are both
observed to decrease as the Mn/N flux ratio gets smaller.
no set of growth parameters have we observed valuesa

e
w
he

°

FIG. 3. The variation of lattice parameters with Mn to N flux ratio an
substrate temperature:~a! lattice parameters vs Mn/N flux ratio: triangles
diamonds, squares, and circles stand foru phase,h' phase,h i phase, and«
phase. Filled markers givea values and empty markers showc or c/3 val-
ues; ~b! lattice parameters vs substrate temperature. The markers hav
same meaning as those in~a!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



u

ra

om

n

t

d
-

ur
c

-
n

tio

tra
on

th
e
-

.
e
F

d
.5
e
th

ay

an

m
es

u
o

th
o

a
c

is

ple

a
in
n be
r
ch

ur
BS

he
°C
w

ely,

.

N

lts
t

ns
ure of

and

1057J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Yang et al.
and c for the u phase as large as those reported by Suz
et al.,9 whereas oura54.22 Å andc54.12 Å for Mn/N flux
ratio of 0.24 agree very well with values reported by seve
other authors, including Lihlet al. and Leineweberet al.16,19

Within the range of Mn/N flux ratio from 0.24 to 0.28,29

both a and c change abruptly as the phase changes fr
u-MnN to h' . With increasing flux ratio up to 0.39,a in-
creases gradually whilec/3 remains nearly constant. Withi
the Mn/N flux ratio range between 0.39 and 0.87,29 the ori-
entation of theh phase changes fromh' to h i . Finally,
within the Mn/N flux ratio range between 0.87 and 1.67, bo
a andc drop and the phase becomes the« phase. For growth
on MgO~001! at 450 °C, thez phase has not been observe
perhaps due to the fact that thez phase is reportedly hexago
nal, whereas all the other phases have cubic-like struct
~fcc or fct! which are likely more compatible with the fc
MgO~001! substrate.

The overall trend is thus as the Mn/N flux ratio in
creases, the incorporated N fraction decreases, and the
phase occurs which has a higher nominal Mn:N bulk ra
However, while we have shown thatu, h, and« phases can
each be grown at a single growth temperature, the subs
temperature is still likely to have an important influence
the crystallinity. Indeed, Suzukiet al. showed that these
phases have different ranges of thermal stability, where
less N-rich phases were stable at higher temperatures. Th
fore, it is important to explore the influence of growth tem
perature on the lattice parameters and phase crystallinity

Shown in Fig. 3~b! is a plot of the phase and lattic
parameters as a function of the substrate temperature.
substrate temperatures between 300 and 450 °C, thea andc
of the u phase each vary by;1%. Thermal expansion an
strain are probably responsible for no more than about 0
of the observed variations. The other 0.5% is probably du
variations in Mn/N content. For substrate temperature in
range 500–600 °C, we have not observed theu phase. This is
likely due to the increased diffusion of N atoms, which m
lead to N desorption from the surface~probably as N2! and N
vacancy ordering. Here, our results agree well with the
nealing study of Suzukiet al. who found that theu phase
was not stable above 753 K~480 °C!.9

The h phase can easily be grown within the same te
perature range as for theu phase but also at temperatur
above 450 °C. As seen from Fig. 3~b!, with increasing tem-
perature,a increases by;0.7%, while c/3 decreases by
;1%. Thermal expansion and strain effects probably acco
for ;0.5% of these variations; we attribute at least 0.5%
the variations to a decrease in the incorporated N fraction
substrate temperature increases.

B. Mn ÕN composition and N vacancies

Shown in Fig. 4 are schematic side-view models for
four phases/orientations of manganese nitride grown
MgO~001! in order of increasing Mn/N flux ratio from~a! to
~d!. From these models, the strong similarities as well
significant differences between the phases/orientations
be seen. Theu-MnN and h-Mn3N2 are both fct, while the
«-Mn4N is fcc; yet, all three have octahedral bonding. Th
Downloaded 23 Aug 2002 to 132.235.22.111. Redistribution subject to A
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allows one to view all the phases as variations of a sim
structure with N vacancies. For example, theu phase consists
of a fct Mn sublattice which is fully occupied together with
fct N sublattice which is also fully occupied but may conta
a few N vacancies placed randomly. The other phases ca
viewed similarly as consisting of fully occupied Mn fct o
fcc sublattices together with N fct or fcc sublattices whi
have certain fractions of N vacancies.

To see how well the chemical composition of o
samples agree with the nominal expected compositions, R
is performed, and the Mn/N ratio is determined using t
RUMP code.30 Results for the substrate temperature of 300
are presented in Table II with the Mn/N ratios shown in ro
1. Mn and N are the Mn and N concentrations, respectiv
in atoms/unit volume. Row 2 shows the ratio N/~Mn1N!,
which can be compared with Lihl’s reported N contents16

Row 3 shows the N fraction defined differently asf N

5N/2Mn ~and the Mn fractionf Mn5Mn/2Mn550%!. With
this definition, one can define the total N vacancy fractionf V

as equal to 50% –f N . The N vacancy fractionf V ~in %! is
shown in row 4 of Table II. Defined this way, the ideal
vacancy fractions for the different phases are:u-MnN: 0% N
vacancies;h-Mn3N2: 16.66% N vacancies;«-Mn4N: 37.5%
N vacancies.

For theu-MnN phase grown at 300 °C, the RBS resu
show that N:~Mn1N!550.0%61.0%. This is the only repor

TABLE II. Bulk Mn/N composition of the various phases and orientatio
measured by RBS. The samples are grown at the substrate temperat
300 °C. The absolute error of each percentage value is 1.0%.

Phase u-MnN h'-Mn3N2 h i-Mn3N2 «-Mn4N

Mn
N

1:1.00 3:2.70 3:2.04 4:1.68
N

Mn1N ~%! 50.0 47.0 40.0 30.0

f N5
N

2Mn ~%! 50.0 45.0 34.0 21.0

f V550%2 f N ~%! 00.0 5.0 16.0 29.0

FIG. 4. Side views of schematic model structures of the different phases
orientations. Black dots stand for N atoms; gray circles for Mn atoms:~a! u
phase,~b!h' phase,~c! h i phase, and~d! « phase.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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so far of ideal 1:1 composition ofu-MnN. Previously re-
ported N contents range from 45.8% to 47.9%.16 Our sample
therefore contains few N vacancies and is consistent with
schematic model of Fig. 4~a!.

For the h'-Mn3N2 phase grown at 300 °C, we fin
N:~Mn1N!547.0%61.0%. This is quite high in compariso
to previously published values for N content ranging fro
38.9% to 39.6%; in fact, it falls within the range of prev
ously reportedu phase values.16 This shows that a N vacancy
fraction f V of only 5% is enough to result in vacancy orde
ing, as depicted in Fig. 4~b!. However, since the N vacanc
fraction is so low, the lattice parameters are affected, and
measurec/354.08 Å for this sample, which is in betweenh
~4.04 Å! andu ~4.12 Å!.

For the h i-Mn3N2 phase grown at 300 °C, we fin
N:~Mn1N!540.0%61.0%, which agrees exactly with th
nominal expected N content for Mn3N2; also, the measureda
andc values agree very closely with previously reported v
ues. The measured N vacancy fraction is 16%, and we
serve the ordered vacancy structure with thec axis parallel to
the surface, as depicted in Fig. 4~c!. We attribute the change
in orientation fromh'→h i to the increased N vacancy con
centration on the surface during growth. For example,
large number of surface N vacancies may be more ea
accommodated by forming into parallel vacancy chains,
sulting in a surface energy lowering. Indeed, surface vaca
chains have been observed in other systems.31 The N va-
cancy chains will then result in the growth of N vacan
planes perpendicular to the surface, and two different ro
tional domains with theirc axes in the surface plane wi
form, as recently shown by Yanget al.25 There may, how-
ever, be an energy cost associated with the formation of
antiferromagnetic domain walls.

Finally, for the«-Mn4N phase, we find from RBS tha
N:~Mn1N!530.0%61.0%; this is larger than the expecte
20.0%. This shows that a N vacancy fractionf V529% is
high enough to result in the« phase becoming energetical
more favorable than theh phase, resulting in the ordering o
N vacancies similar to that shown in Fig. 4~d!. Note that
atomic planes on either side of the one shown would ide
contain no N atoms. For example, the other layers have o
Mn atoms arranged in the fcc structure.22 We also note that
the in-plane lattice constantai for this sample~3.97 Å! is
measured to be 2.5% larger than the perpendicular la
constanta' ~3.87 Å!, whereas these two should be equal
ideal fcc structure. Since strain and thermal contraction
not expected to account for more than 1.0% at the most,
suppose the difference is mainly because of two few N
cancies for the ideal 4:1 ratio.

C. Phase diagram for MBE growth

Figure 5 shows the phase diagram of manganese ni
growth by MBE on MgO~001! with substrate temperatur
shown on thex axis and Mn/N flux ratio shown on they axis.
Different phases are indicated with different symbols, a
lines of constant phases are indicated with dashed lines
can be seen, over a substantial range of growth tempera
we find that the phase depends on the Mn/N flux ra
Downloaded 23 Aug 2002 to 132.235.22.111. Redistribution subject to A
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Boundaries between phases are not given but lie somew
between the lines of the constant phase indicated. Thu
phase is grown at the lowest Mn/N flux ratios over a wi
temperature range from 250 to 450 °C. From 500 to 600
we find h' at the same flux ratio. As the flux ratio is in
creased, we observe the growth ofh' , h i , and« over the
substrate temperature range 300–450 °C.

Finally, the magnetic properties of these layers are un
investigation. NS studies have already confirmed the laye
antiferromagnetic structure of theh i phase.25 Vibrating
sample magnetometry studies have confirmed the ferrim
netic property of thee phase.32

IV. CONCLUSIONS

The growth of manganese nitride on MgO~001! by MBE
has been investigated using RHEED, XRD, and RBS. T
phase and orientation are shown to be controllable by
MBE growth parameters with the critical growth parame
being the Mn/N flux ratio. In order of increasing flux ratio
theu, h, and« phases are each obtained for growth tempe
tures in the range 300–450 °C. Theu phase is grown with its
c axis perpendicular to the sample surface. For theh phase,
the orientation of thec axis is perpendicular to the samp
surface (h') at a lower flux ratio and parallel to the samp
surface (h i) at a higher flux ratio. At yet a higher flux ratio
the « phase is obtained.

The detailed lattice parameters have been measured
function of the flux ratio for various substrate temperatur
and actual Mn:N bulk ratios have been measured for sam
grown at 300 °C. Good agreement with many of the pre
ously published lattice parameters for bulk manganese
tride is found, and some variations are discussed in term
deviations away from ideal stoichiometry. Control of th
growth parameters allows the control of the phase and t
the magnetic properties.

ACKNOWLEDGMENTS

The authors gratefully acknowledge Florentina Perjer
help for coating substrates. This work is supported by
National Science Foundation under Grant No. 99838
H.Q.Y. also thanks the Ohio University postdoctoral fellow
ship program for support.

FIG. 5. Phase diagram for MBE growth. Different markers stand for diff
ent phases/orientations. The dashed lines indicate lines of constant ph
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