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Crystalline phase and orientation control of manganese nitride grown
on MgO (001) by molecular beam epitaxy
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The phase and orientation of manganese nitride grown on(®@{Pusing molecular beam epitaxy

are shown to be controllable by the manganese/nitrogen flux ratio as well as the substrate
temperature. The most N-rich phagephase(MnN), is obtained at very low Mn/N flux ratio. At
increased Mn/N flux ratio, the next most N-rich phase, #hghase(Mn3N,), is obtained having its

¢ axis normal to the surface plane. Further increasing the Mn/N flux ratiopthbase(Mn3N,)

having itsc axis in the surface plane is obtained. Finally, thehase(Mn,N) 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 ofWjrdepend 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. 2802 American Institute of Physics.

[DOI: 10.1063/1.1425435

I. INTRODUCTION an ordered vacancy superlattice, according to the model by

Transition meta(TM) nitride materials, such as ScN and Jacobs _and.Kreménz. The ideal Mn:N composmon_ Ta"o fo_r
. 6-MnN is 1:1, however, most reported composition ratios

TiN, have attracted considerable attention both for the|rh b | 0 65 leadi thors to refer to th
structural (high hardnessand electronic(from metallic to ave been closerto 5:o, leading some authors to reter to the

16,17,19 H
semiconducting properties:=’ Certain TM nitrides, includ- 4 phase as MgNs or MngNs... However, little or no
ing MnN29 CoN1° and FeN!! are also promising due to evidence has been shown that §jg is an ordered phase;

their potential magnetic properties. Moreover, since m_vrather, the ratio only_indicates the_presence of N vacanc_ies,
magnetic semiconductors such as MnGaAs are under inteH‘-{h'C?Yare randomly incorporated into the octahedral Iattlc'e
sive investigatiort? the possibility of forming a magnetic Sites-* Both 6 and  phases have been reported to be anti-
nitride semiconductor, such as MnGaN, which could takdferromagnetic with Nel temperatures of 650°®*and 925
advantage of the unique properties of nitrides, is veryK,'* respectively. The: phase has been reported to be ferri-
attractive'25 In addition, it is also of great interest to ex- magnetic with a Curie temperature of 738°K* The &
plore magnetic nitride layers for the possible formation ofphase is also reported to have face-centered dédigstruc-
ferromagnetic/nitride  semiconductor multilayers, whichture at room temperature with Mn atoms occupying the eight
might be used for spintronic applications. It is thus importantcorner sites and six face-center sites and the N atom located
to investigate the epitaxial growth and properties of magneti@t the body cente?
nitrides, and in this article we discuss the case of manganese While much has been learned from these prior studies on
nitride. bulk MnyN, , it is important to investigate the possibility of
Manganese nitridéMn,N,) is known to form different epitaxial layer growth, which is important for device appli-
bulk phases, includingg (MnN), 7 (MngN,), ¢ (MnsN,,  cations. Recently, Yanet al. reported the growth of smooth,
Mn,N, and MNg g9, ande (MngN).2%°~2*Both structural  epitaxial layers of-MnsN, with its ¢ axis parallel to the
and magnetic measurements have been reported for most gfowth plane on Mg@01) substrates using molecular beam
these bulk phases, and particular attention has been paid &jtaxy (MBE).?® Yet, as discussed above, there are many
the 0, 7, ande phases. Bothy and ¢ phases are known t0 phases of manganese nitride, and also different orientations
have NaCl-type face-centered-tetragorffait) structure at of 5 given phase may occur. With MBE, it should be possible
room temperature. Fon-MnsN,, the measured Mn:N com- 4 control both the phase and the crystalline orientation by
pos!t!on ratl_o matches very WeII_ Wlth the ideal Mn:N com- varying the growth parameters. In this work, we show how
position ratio of 3:2. N vacancies in MN, are found 10, control the phase and orientation of manganese nitride
preferentially incorporate into every third layer, resulting in grown on MgQo001) substrates by varying the Mn/N flux
ratio Jy,/Jy and also by varying the substrate temperature

dAuthor to whom correspondence should be addressed; electronic mail-l.-s- In partiCUIar' itis shown that thé'_MnN* 7-Mn3N, and
smitha2@ohio.edu e-Mn,N can each be grown by varying these parameters.
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To achieve these results, many films have been grown by
MBE under different growth parameters, each time begin-
ning with a new substrate. The phases are determined
through a combination of reflection high energy electron dif-
fraction (RHEED), x-ray diffraction(XRD), and Rutherford
backscatteringRBS). Lattice constants are determined from
the data, and these are plotted versus the various growth
parameters in order to see the detailed dependence on growth
parameter. From the data, a diagram of the phase with its
orientation is derived, and some schematic models for the
observed phases and orientations are presented.

Il. EXPERIMENT

The growth experiments are performed in a custom-
designed ultrahigh vacuum system consisting of a MBE
chamber coupled to a surface analysis chamber. The MBE
system includes a solid source effusion cell for Mn and a rf
plasma source for N. After being heated up to 1000 °C for 30
min with the nitrogen plasma turned on, the MgO substrate
temperature is lowered to the growth temperature, and the
growth begins.

For these experiments, the growth temperature is varied
from 250 to 600 °C and is measured by means of a thermo-
couple in contact with a metal heat shield located directly
behind the substrate heater. The nitrogen flow rate is set to
about 1.1 sccnigrowth chamber pressure 1.1x 10~ ° Torr) [100]
with the rf power set at 500 W. This combination of flow rate MeO
and pIaSrTLa poge[is knpwn to give an.eﬁeCtive N fligc FIG. 1. RHEED patterns of MgO and various phases of manganese nitride
~_3'6X 104 cm?s ! WhICh,WaS determined from our pre- grown at a substrate temperature 450 (8:MgO, (b) 6 phase(MnN); (c)
vious study of ScN growth in the same systfrHere, we 7, phase(Mn3N,), ¢ axis perpendicular to surfaced) 7, phase(Mn3N,), ¢
assume the same value of N flux in the case ofNjrbased  axis parallel to surface; an@)  phase(Mn,N).
on the similarity of the bonding geometries; for example,

ScN and MnN both have octahedral bonding, and thus the

growth mechanism is likely to be similar. The Mn flux is growth temperature of 450 °C. Those on the left are with the
controlled in the range from 3010 to 6.0 electron beam along tHA00|yyo direction, while those on

X 10" cm?s ! and is measured by means of a quartz crysthe right are with the electron beam along f4.0]yyo di-

tal thickness monitor located inside the growth chamberrection. All patterns are streaky, indicating that both the start-
Also, the final film thickness, which has a range of 700—ing substrate and film surfaces are smooth.

3300 A, is measured using a DEKTAK profilometer, and the ~ Since MgO has rocksalt structure with each sublattice
growth rate, which is in the range of 35—-300 nm/h, is thenhaving fcc structure, the spacing between first order streaks
determined from knowledge of the total growth time. along[100]|ygo is 4m/aygo; along[110)ygo, the RHEED

The growth condition is monitored using RHEED with Streak spacing is #/\2aygo. Since the structure of M,
incident electron beam energy of 20 keV, which enables thés similar to that of MgO, the in plane lattice parameters of
determination of the surface crystal symmetry and surfac&InyN, corresponding to the spacings between diffraction
lattice parameters. After removal from the ultrahigh vacuumstreaks can be calculated by usin@yn_n=amgo
chamber, the samples are investigated using XRD withX (Swgo/Sun-n), Where Sy,_y and Sygo are the spacings
CuK, x rays to determine the crystal structure and latticebetween first order streaks of manganese nitride and MgO
parameters along the direction normal to the substrate sugubstrate, respectively, ara,qo is the lattice constant of
face. RBS is applied to determine the bulk Mn/N composi-MgO.*® To obtain the spacing between two diffraction

tion. streaks accurately, we fit Lorentzian functions to the streak
profiles (obtained by taking a line section of the RHEED
IIl. RESULTS AND DISCUSSION data and then obtain the streak spacing as the difference

between the two resulting peak centroids.
Since all the RHEED patterns, including those of the
Figure 1 shows the typical RHEED patterns for thesubstrate, were obtained at the growth temperature of a given
MgO(001) substrate surface just after heating and coolingsample, the value faay,o Used to calculate the surface lat-
down to growth temperatur@) and for the manganese ni- tice constant for manganese nitride is the value for that tem-
tride surfaces at different Mn/N flux ratios in increasing or- perature, corrected for thermal expansion using the known
der of flux ratio (b)—(e). All patterns were acquired at the thermal expansion coefficient for MgO,aygo=1.3

A. Structure versus Mn /N flux ratio
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X 1075 K~12" Therefore, the in-plane lattice constants re- (a) 10°
ported here for manganese nitride are for the particular
growth temperature. These values will be slightly smaller at
room temperature. A separate measurement of the RHEED
spacing for »-MnsN, showed less than 0.5% change be-
tween room temperature and 400 °C; so we expect the mea-
sured in-plane lattice parameters to be within 0.5% of the

6-MnN  MgO 002
T4,/ 1y=0.24 0002

(73

s

25 30 35 40 45 50 55

room temperature values. () 10°
As seen in Fig. (b), for Jy,/Jy=0.24, the RHEED pat- n,~Mn;N, Mg0002¢ n, 006
. . . . 5 —f
terns along both directions are very similar to those of MgO. 10° | T/ $=0.39

Also, rotations about the sample normal by multiples of 90° n, 004

show identical RHEED patterns to those in Figb)l Thus
the growth is epitaxial with the substrate and has fourfold 10

symmetric structure. For this flux ratio, the in-plane lattice @ 10
i i i 3 25 30 35 40 45 50 55
parameter is determined by the above-described procedure to 8 .
be 4.22 A. This value is very close to the reported lattice z @1 VRN, Mooy
parametem of fct #-MnN, 4.2193 A® Moreover, it will be & s13./3.=0.87 *n;020
) O 10 Mn/IN I
shown below that XRD and RBS also confirm the same E

phase assignment, showing that at the low Mn/N flux ratio,
the 6-MnN is obtained.

As shown in Fig. {c), for Jy,/Jn=0.39, the RHEED
patterns are nearly identical to those of Figo)lexcept for a 25 30 35 40 45 50 55
very slight change in the streak spacing, resulting in an in- (d) 10
plane lattice parameter of 4.21 A. This value is very close to 10° e=MnN  Mg0 002
thea of 7-Mn3N,, which is reported to equal 4.2046'AAs el T=1.67 n, 006
discussed below, XRD and RBS confirm that this film has
7-Mn3N, structure with thec axis perpendicular to the sur-
face, which will be referred to ag, .

As shown in Fig. 1d), for Jy,/Jy=0.87, the RHEED
pattern shows additional features not seen at lower flux ratio. 25 30 35 40 45 50 55
In particular, we observe two closely spaced primary diffrac- 20 (degree)
tion streaks along eadi00]y4o direction. In addition, there _ o
are alsoi-order fractional streaks along the same directionsF'C: 2- XRD spectra of various phases of manganese nitride grown at a
The detailed discussion of the structure of this film has beeéubStra-te temperature of 450 @ ~(d) correspond to the RHEED patterns

hown in Figs. tb)-1(e). The spectra are plotted in semilog scale.
recently reported by Yangt al?® It is found that the inner-
most streaks correspond &0(=4.21 A) while the outermost
streaks correspond to/3 (=4.047 A) of the fct #-MngN,  shown below that the XRD and RBS data support the assign-
structure. Thei-order fractional streaks correspond to the ment ofe-Mn,N phase.
superlattice formed by the missing planes of N atoms which  Figure 2 shows XRD spectra for different manganese
occur every third atomic plane in the structural model for thenitride films grown on top of Mg@O02) in order of increas-
» phasé® Thus, for this growth condition, it is found that the ing Mn/N flux ratio, corresponding to the RHEED patterns
c axis of MmyN, is parallel to the surface plane; hence, wepresented in Fig. 1. The spectra were obtained at room tem-
refer to this phase and orientation &ag. perature and are plotted in semilog scale to amplify small

As shown in Fig. le), for Jy,/Jy=1.67, the RHEED peaks. While our x rays include botkal andKa2, an
patterns are not quite as streaky, and some weak additionaverageK « wavelength of\=1.542 A is used to calculate
spots are observed alofy10]y40, suggesting that the film thed spacings. For the substrate, we observe a single diffrac-
is not as smooth and well ordered as films grown at lowetion peak at 42.94° giving d spacing of 2.106 A. This peak
flux ratio. However, fourfold symmetry is still observed, in- is therefore 002 of MgO corresponding to a lattice constant
dicating epitaxial growth with the substrate. In addition, of 4.213 A%®
weak 3-order fractional streaks are observed alphP]vgo , As shown in Fig. 2a), for Jy,/Jy=0.24, XRD shows
indicating a X periodicity perpendicular to this direction. two major peaks. The first peak at 42.94° is 002 of MgO; the
These observations are all consistent with teMnyN, second peak at 43.99° gives a perpendiculapacing of
which is reported to be fcc wita N atom at the body 2.06 A. Since 2 equals 4.12 A, which agrees well with the
center’? For example, the distance between body centerseported value of for 6-MnN(4.1287 A,*° we assign this
equals X the interatomic row spacing, which explains the peak to be 002 of MnN. Combining the RHEED and XRD
1 -order fractional streaks. From the streak spacing, the reresults together, we conclude the layer isdd¥IinN with the
sulting in-plane lattice parameter is calculated to equal 3.9% axis perpendicular to the surface.

A. This is close to the lattice constant reported §eMn,N ForJun/Jn=0.39, we observe a different set of peaks in
(3.87 A).?2 Although the agreement is not perfect, it will be the XRD spectrum, as shown in Fig(b2. The first main
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TABLE |. Relative peak intensities of XRD spectra shown in Fig. 2. The (a) 430

intensities of MgO 002 are normalized to 100.00. Columns one and two give . 6 M i ¢
the Mn/N flux ratios and the corresponding phases and orientations. Row < 420 ‘.-“:..»'" """"""""" -
one gives the corresponding peak indices and positions. Bold indicates the E
main peaks) for a given phase. B 4101 &%
g FAPRURTY o
7, 004 111 MgO 002 002 7, 006 & 002 £ 400 aco3 .
Mn/N flux 8 e o &phase
ratio  Phase 29.45° 40.44° 42.94° 43.99° 44.81° 47.06° :‘?3 R H'Lp;ﬁ:e .
0.23 9 000 000 10000 19.87 000 0.25 380 422 O phase . .
0.40 N 582 0.14 100.00 0.00 102.52 0.17 0.00 0.50 1.00 1.50 2.00
0.93 7 006 025 10000 0.00 026 0.07 Mn/N Flux Ratio
1.76 & 0.00 0.07 100.00 0.00 0.12 1.58
(b) 430
< 4] 5-4—\-74-"""""*
n
peak is again 002 of MgO at 42.94°; the second main peak & 4] i
occurs at 44.81°, giving a perpendicuthspacing of 2.02 A. é &s\‘°‘~~-o.-—-a---o-.._9.___o
Since 6<2.02 A equals 12.12 A, which agrees well with the & 400 e . ac o3
c of 7-MnsN, which is reported to be 12.131 & we con- = e0 8ph}fse
clude that this peak is 006 af-Mn3N,. The third main peak S 390 P o . ﬂﬂ,hiii
occurs at 29.45°, giving d spacing of 3.03 A. Sincex3.03 380 , , ' 4s _ O phase
A equals 12.12 A, which also agrees witlof 7-MngN,, this 200 300 400 500 60 700
peak is thus 004 of MyN,. Combining the RHEED and Substrate temperature ( °C )

XRD results, we find that this film hag, structure witha

=421 A andc=12.12 A with thec axis normal to the F'G 3 The variation of lattice parameters with Mn to N f'Iu.x ratio and
substrate temperaturéa) lattice parameters vs Mn/N flux ratio: triangles,

growth plane. ~ diamonds, squares, and circles standdphase,;, phase, phase, ane
For the sample grown ak,,/Jy=0.87, only one main phase. Filled markers giva values and empty markers shavor c/3 val-

peak is observed at 42.94°, as shown in Fifr).2As this ues;(b) lattice parameters vs substrate temperature. The markers have the
peak coincides with that of MgO 002, we conclude that theS@™me meaning as those @.
perpendicular lattice constant is close to that of MgO. As
described above based on the RHEED analysis as well as our
previously reported result which also made use of scanningormalized to 100.00. The intensities of the primary peaks
tunneling microscopy and neutron scatteri{iNf) data, this for each phase are indicated in bold. For th@hase, the
film has thes, structure with thec axis in the plane of the sample was only 1400 A thick, which explains why the
surface. Hence, this XRD result is in good agreement sinc€02 peak height is only 20% of the MgO 002 peak height;
the perpendicular lattice spacing of this film shouldebef =~ however, no other major peaks besides the substrate peak are
MngN,, 4.21 A, which is close t@ of MgO (4.213 A 8% seen. For they, sample(thickness 4700 A the 006 peak
As seen in Fig. @), for Jy,/Jy=1.67, XRD shows two height is even larger than that of MgO 002. For the
main peaks, one at 42.94° corresponding to 002 of MgO, theample(thickness 3300 f the Mn;N, 020 peak height can-
other one at 47.06°, yielding a perpendicuthspacing of not be determined because of the overlap with MgO 002;
1.93 A. Since X1.93 A equals 3.86 A, which agrees very however, the other peaks are extremely small. Finally, for the
well with the reporteda of £-Mn,N,?>?2we assign this peak & sample(thickness 3300 A the height of the 002 peak is
to be 002 of MgN. Additionally, a small peak at 22.97° is less than 2% of the MgO 002 peak. Yet RHEED shows no
observed(not shown, which gives ad spacing of 3.87 A. sign of thes, phase, and no other major peaks are observed.
Therefore, this is the 001 peak of WM. We conclude from The smalle 002 peak may imply some disorder, misorienta-
RHEED and XRD data that for the Mn/N flux ratio of 1.67, tion, and/or off-stoichiometry for this growth condition. Yet
the film hase-Mn,4N structure. in all, the results suggest that each sample corresponds to a
In addition to the main peaks seen in Fig$a)22(d),  specific phase of manganese nitride.
some tiny peaks, such as that at 47.06° corresponding to the Figure 3a) is a plot of the numerical results for growth
002 peak ofe-Mn,N, also appear in Figs.(@—2(c). How-  at substrate temperature 450 °C, showing the lattice param-
ever, the intensities of those peaks are much smaller than tregers for the four different observed manganese nitride phase/
intensities of the main peaks, meaning that for a given flworientations versus the Mn/N flux ratio. Filled markers rep-
ratio, the film is mainly single phase with, however, a tiny resenta, and empty markers representr ¢/3. In addition to
fraction of other phases present. Another example of this isesults for the four samples described in Figs. 1 and 2, results
seen in Fig. &) for the 7, phase/orientation in which a tiny for three additional films grown at the same substrate tem-
fraction of 7, is also present, as seen by the tiny peaks negperature are also shown. As can be seen, the lattice param-
44.81° and 29.45°. eters within a given phase are observed to vary slightly with
To estimate the phase purity of the various films, Table Ithe flux ratio. For exampleg andc for the # phase are both
shows the normalized intensities of the various XRD peak®bserved to decrease as the Mn/N flux ratio gets smaller. For
for each film, where the intensity of the MgO 002 peak isno set of growth parameters have we observed values of
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and c for the 6 phase as large as those reported by Suzuki Side View Models
et al.,® whereas oun=4.22 A andc=4.12 A for Mn/N flux Nyseaney N'Va°a“iy planfs
ratio of 0.24 agree very well with values reported by several @ o P © m | Ye® ' @e
other authors, including Lihét al. and Leinewebeet al1%1° o0 oo
Within the range of Mn/N flux ratio from 0.24 to 0.28, al:.. : .. , .. : ..
both a and ¢ change abruptly as the phase changes from ® i o0 i o
6-MnN to #, . With increasing flux ratio up to 0.3% in- [001] GRISRSEOR ..jc [010] O
creases gradually while/3 remains nearly constant. Within T_>. SOPSPe 880 OO
the Mn/N flux ratio range between 0.39 and 0?8The ori- [100] 2 [oo1] ¢
entation of thexn phase changes frony, to #»,. Finally, ®)n & N-vacancy lattice
within the Mn/N flux ratio range between 0.87 and 1.67, both ' &
a andc drop and the phase becomes thghase. For growth -.H.--.--..--.--.-«—Q 22 2%
on MgO(001) at 450 °C, the; phase has not been observed, ........... S 0 0 0 0 0 0
perhaps due to the fact that thi@hase is reportedly hexago- | -4~ -Q-0-0--+% ® 060 0 00
nal, whereas all the other phases have cubic-like structurel001] ........... g Mo & & & o @
(fcc or fct) which are likely more compatible with the fcc - A A - L )
MgO(001) substrate. [100] a [100] a

The overall trend is thus as the Mn/N flux ratio in- FIG. 4. Side vi ) .

. . . 4. Side views of schematic model structures of the different phases and
creases, the incorporated N fraction decreases, and the nexfntations. Black dots stand for N atoms: gray circles for Mn atams?
phase occurs which has a higher nominal Mn:N bulk ratiophase,b)7, phase(c) 5, phase, andd) & phase.

However, while we have shown that », ande phases can
each be grown at a single growth temperature, the substrate
temperature is still likely to have an important influence onallows one to view all the phases as variations of a simple
the crystallinity. Indeed, Suzuket al. showed that these structure with N vacancies. For example, thehase consists
phases have different ranges of thermal stability, where thef a fct Mn sublattice which is fully occupied together with a
less N-rich phases were stable at higher temperatures. Theret N sublattice which is also fully occupied but may contain
fore, it is important to explore the influence of growth tem- a few N vacancies placed randomly. The other phases can be
perature on the lattice parameters and phase crystallinity. viewed similarly as consisting of fully occupied Mn fct or
Shown in Fig. 8b) is a plot of the phase and lattice fcc sublattices together with N fct or fcc sublattices which
parameters as a function of the substrate temperature. Fagave certain fractions of N vacancies.
substrate temperatures between 300 and 450 °Ca Hred ¢ To see how well the chemical composition of our
of the # phase each vary by-1%. Thermal expansion and samples agree with the nominal expected compositions, RBS
strain are probably responsible for no more than about 0.5% performed, and the Mn/N ratio is determined using the
of the observed variations. The other 0.5% is probably due te@ump code3° Results for the substrate temperature of 300 °C
variations in Mn/N content. For substrate temperature in therre presented in Table Il with the Mn/N ratios shown in row
range 500—-600 °C, we have not observeddiphase. Thisis 1. Mn and N are the Mn and N concentrations, respectively,
likely due to the increased diffusion of N atoms, which mayin atoms/unit volume. Row 2 shows the ratio(Mh+N),
lead to N desorption from the surfagarobably as ) and N which can be compared with Lihl's reported N conteffts.
vacancy ordering. Here, our results agree well with the anRow 3 shows the N fraction defined differently dg
nealing study of Suzuket al. who found that thed phase  =N/2Mn (and the Mn fractionf,,,= Mn/2Mn=50%). With
was not stable above 753 (480 °C).° this definition, one can define the total N vacancy fracfign
The 7 phase can easily be grown within the same tem-as equal to 50%#%y. The N vacancy fractioriy (in %) is
perature range as for the phase but also at temperatures shown in row 4 of Table Il. Defined this way, the ideal N
above 450 °C. As seen from Fig(l8, with increasing tem- vacancy fractions for the different phases a#&inN: 0% N
perature,a increases by~0.7%, while c/3 decreases by vacancies-MngN,: 16.66% N vacancies;-Mn,N: 37.5%
~1%. Thermal expansion and strain effects probably accouny| vacancies.
for ~0.5% of these variations; we attribute at least 0.5% of  For the &-MnN phase grown at 300 °C, the RBS results
the variations to a decrease in the incorporated N fraction ashow that N(Mn+N)=50.0%*+1.0%. This is the only report
substrate temperature increases.

TABLE II. Bulk Mn/N composition of the various phases and orientations
B. Mn/N composition and N vacancies measured by RBS. The samples are grown at the substrate temperature of

. . . . 300 °C. The absolute error of each percentage value is 1.0%.
Shown in Fig. 4 are schematic side-view models for the

four phases/orientations of manganese nitride grown on Phase 6¢-MnN 7, -Mn3N;  %-MngN,  e-Mn,N
MgO(001) in order of increasing Mn/N flux ratio frorte) to  ‘wn

aA Tat d 1:1.00 3:2.70 3:2.04 4:1.68
(g). 'F.rom thgse models, the strong S|m|Iar|t|e§ as .WeII aSWNm ) 500 470 400 300
significant differences between the phases/orientations c N o0 50.0 45.0 34.0 21.0

be seen. The-MnN and 7-MngN, are both fct, while the fszgg/o—m (%) 00.0 5.0 16.0 29.0
e-MnyN is fcc; yet, all three have octahedral bonding. This
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so far of ideal 1:1 composition of-MnN. Previously re- 2.00 .

ported N contents range from 45.8% to 47.8%@ur sample o.... Ephase :ﬁupplfassee

therefore contains few N vacancies and is consistent with the g 1.50 - « M, phase

schematic model of Fig. (). 3 s 0 phase
For the 7, -Mn3N, phasg grown at_ BOQ °C, we _find _5 1.00 n, phase

N:(Mn+N)=47.0%*1.0%. This is quite high in comparison &= #oTTTT T

to previously published values for N content ranging from E 0.50 n, phase

38.9% to 39.6%; in fact, it falls within the range of previ- ) I S ¢ n, phase |

A——-‘\G\E}:isg N . -

ously reported phase value¥ This shows thaa N vacancy
fraction f\, of only 5% is enough to result in vacancy order-
ing, as depicted in Fig.(®). However, since the N vacancy
fraction is so low, the lattice parameters are affected, and we
measurec/3=4.08 A for this sample, which is in betweeﬂ FIG. 5. Phase diagram for MBE growth. Different markers stand for differ-
(4.04 A) and 6 (4.12 A) ent phases/orientations. The dashed lines indicate lines of constant phase.
For the 7,-Mn3N, phase grown at 300°C, we find
N:(Mn+N)=40.0%+1.0%, which agrees exactly with the
nominal expected N content for MN,; also, the measureal ~ Boundaries between phases are not given but lie somewhere
andc values agree very closely with previously reported val-between the lines of the constant phase indicated. &he
ues. The measured N vacancy fraction is 16%, and we othase is grown at the lowest Mn/N flux ratios over a wide
serve the ordered vacancy structure withdteis parallel to  temperature range from 250 to 450 °C. From 500 to 600 °C,
the surface, as depicted in Figlcit We attribute the change We find », at the same flux ratio. As the flux ratio is in-
in orientation fromz, — 7, to the increased N vacancy con- creased, we observe the growth ®f, 7, ande over the
centration on the surface during growth. For example, thé&ubstrate temperature range 300—450 °C.
large number of surface N vacancies may be more easily Finally, the magnetic properties of these layers are under
accommodated by forming into para||e| vacancy Chains, reinvestigation. NS studies have already confirmed the Iayered
sulting in a surface energy lowering. Indeed, surface vacancyntiferromagnetic structure of they, phase® Vibrating
chains have been observed in other Systgm'ﬁ]e N va- Sample magnetometry studies have confirmed the ferrimag-
cancy chains will then result in the growth of N vacancy Netic property of thes phase’”
planes perpendicular to the surface, and two different rota-
tional domains with theirc axes in the surface plane will |v. CONCLUSIONS
form, as recently shown by Yanet al?®> There may, how-
ever, be an energy cost associated with the formation of thﬁ
antiferromagnetic domain walls. as
Finally, for thee-Mn,N phase, we find from RBS that
N:(Mn+N)=30.0%+1.0%; this is larger than the expected
20.0%. This shows thiaa N vacancy fractiorf,=29% is
high enough to result in the phase becoming energetically
more favorable than the phase, resulting in the ordering of
N vacancies similar to that shown in Fig(dJ. Note that
atomic planes on either side of the one shown would ideall)}
contain no N atoms. For example, the other layers have onl
Mn atoms arranged in the fcc structi#feWe also note that
the in-plane lattice constarat, for this sample(3.97 A) is
measured to be 2.5% larger than the perpendicular lattic
constanta, (3.87 A), whereas these two should be equal for

200 300 400 500 600 700
Substrate temperature ( °C )

The growth of manganese nitride on M@01) by MBE
been investigated using RHEED, XRD, and RBS. The
phase and orientation are shown to be controllable by the
MBE growth parameters with the critical growth parameter
being the Mn/N flux ratio. In order of increasing flux ratio,
the 6, », ande phases are each obtained for growth tempera-
tures in the range 300—450 °C. Thghase is grown with its
¢ axis perpendicular to the sample surface. For #hghase,
he orientation of the axis is perpendicular to the sample
urface {7, ) at a lower flux ratio and parallel to the sample
urface @) at a higher flux ratio. At yet a higher flux ratio,
the ¢ phase is obtained.

The detailed lattice parameters have been measured as a
ﬁmction of the flux ratio for various substrate temperatures,
ideal fcc structure. Since strain and thermal contraction argnd actual Mn:N bulk ratios have been measured for samples

not expected to account for more than 1.0% at the most, wdrown at 3.00 c. G(.)Od agreement with many of the previ-
ously published lattice parameters for bulk manganese ni-

suppose the difference is mainly because of two few N va-" 77 - . ;
: : i ; tride is found, and some variations are discussed in terms of
cancies for the ideal 4:1 ratio. s : -
deviations away from ideal stoichiometry. Control of the
growth parameters allows the control of the phase and thus

C. Phase diagram for MBE growth the magnetic properties.

Figure 5 shows the phase diagram of manganese nitrid
growth by MBE on Mg@001) with substrate temperature RCKNOWLEDGMENTS
shown on thex axis and Mn/N flux ratio shown on theaxis. The authors gratefully acknowledge Florentina Perjeru’s
Different phases are indicated with different symbols, anchelp for coating substrates. This work is supported by the
lines of constant phases are indicated with dashed lines. Adational Science Foundation under Grant No. 9983816.
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