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Growth of Mn-Bi films on Si(111): Targeting epitaxial MnBi
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MnBiI is of high interest for application as active layer in magneto-optic data storage media for
several decades. Here the molecular-beam-epitaxy growth of Mn-Bi films (@t1sSsurfaces is
investigated under ultrahigh vacuum conditions by means of reflection high-energy electron
diffraction, low-energy electron diffraction with spot-profile analysis, Auger-electron spectroscopy,
magneto-optic Kerr spectroscopy, and transmission electron microscopy to reveal the microscopic
film structure, film composition, and magnetic properties. The film parameters and growth protocols
are varied but none of the chosen conditions lead to the formation of MnBi from the two elements.
The affinity of Mn to the substrate material Si must be regarded as major reason for the fact that no
MnBi forms. © 2004 American Institute of PhysidDOI: 10.1063/1.1786377]

Since the 1950s, MnBi has been one of the most intenagonal symmetry of axis oriented MnBi. The lattice param-
sively discussed materials for application as a magneto-optieter are a=4.29 A and ¢=6.126 A for MnBi, and a
data-storage medium® In contrast to its favorable magneto- =3.84 A for the Si(111plane.
optic properties of a high Kerr rotation in the blue spectral ~ Sample preparation and most of the analytical experi-
range, which is favorable for high storage density, MnBiments were performed in a three-chamber UHV-MBE sys-
shows several temperature dependent problems with respeetm. During growth, the crystalline structure was monitored
to its crystalline and magnetic stabilﬁy? In order to over-  with reflection high-energy electron diffractigRHEED) us-
come these difficulties, a controlled manipulation of struc-ing a 50 keV electron gu(VTS Createc HP-4). Low-energy
tural parameters should be helpful. This, however, needs electron diffraction with spot-profile analysiSPA-LEED)
controlled growth process. For many decades, various groupgas measured with a Leybold electron optic, Auger-electron
have been trying to improve the growth process of MnBispectroscopYAES) by the use of a cylindrical mirror ana-
aiming at epitaxial growth but without real succ&$8®™? lyzer (Physical Electronicsin the analysis chamber of the
One of the most successful methods to prodaais ori-  vacuum system. The pressure was below® Ibar during
ented MnBi films is the deposition of one or more doublefilm growth and below 10:° mbar during analysis. Trans-
layers of~18 nm Bi and~12 nm Mn on a glass or quartz mission electron microscop§f EM) data were takeex situ
substrate under high-vacuum conditions at room-temperatungith a Philips 120 keV CM 12 microscope. Measurements of
(RT), followed by an annealing step around T=300*C. the magneto-optic Kerr effedMOKE) were performed in
This procedure yields MgBi,s5 films, the best composition air. MOKE is our most sensitive experimental technique to
with respect to the magneto-optic properties. In most casesletect the formation of-axis oriented MnBi. As none of our
the (Mn/Bi), layer structure was covered with Si@efore = samples showed a magnetic signal, no MOKE data will be
annealing*® The necessity of this protective layer is dis- displayed here.
puted. Some publications claim that a compound of Mn and ~ The samples are @fl2x 12) mn? in size, mounted us-

Bi is not possible without the covét,whereas in Ref. 4 the ing tantalum clips on 2 in. molybdenum sample holders
authors present MnBi films of good quality without the which can be heated by a radiation field from the backside. A
cover. In the latter case the films, however, very likely havecalibrated quartz microbalance is used to monitor the film
a MnO layer on top, which might have formed unintention-thickness. Two different reconstructions of th&13il) sur-

ally since the vacuum conditions during growth and annealface served as substrates. Their preparation includes the fol-
ing were only in the high-vacuum regime. lowing steps: Si(11L wafers [both types,n-type doped

To gain maximum control of the experiment, we use(phosphorousynd p-type doped(boron)] are first treated
molecular-beam epitaxyMBE) under ultrahigh vacuum chemically with an RCA-clean proceddrdo obtain a clean
(UHV) conditions on a Si(1)lisurface. The capping layer is protective oxide layer. This oxide is removed thermally in
abandoned, as it disturbs our surface-sensitive sample chd#HV by heating the sample to 1200 °C for 2 min. A cooling
acterization. The Si(131surface is chosen as a consequentprocedure leads to the formation of th&€13il)-7 X 7 surface
first step from the amorphou®r polycrystalline)glass or  reconstruction, the first substrate. Exposing this surface to a
quartz substrates to an ideal lattice-matched substrate. Witi flux equwalent to about 0.1—1.0 A/min at 500 °C vyields
its threefold symmetry, the Si(11surface matches the hex- a3 \3-reconstruction on the Si(Ig$urface induced by a
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FIG. 1. RHEED[(a)~(f)] and TEM[(g)—(i)] data of Bi/Mn/Si, Mn/Bi/Si, I Si ot L’i
and digital alloys/Si films. 0 200 600 0 200 600

kinetic energy / eV

saturation coverage of 1 monolay@lL) Bi (as judged by FIG. 2. Two series of Auger spectra: Mn/Bi/@ft) and Bi/Mn/Si(right).

e Spectra of the bare X 7-reconstructed Si substrafe),(b)], after the RT
AES). This is the second substrate. . deposition of the firsf(c), (d)] and second(e), (f)] component, and after
Mn was evaporated from a Knudsen cell with rates ofannealingi(g), (h).

~1 A/min, Bi was evaporated from a mini electron-beam

heated crucible(Oxford Applied Researchyith rates of ) ) o
1.4 A/min and 3 A/min dependent on the composition 0fgrowth is characterized by a more textured pattern with in-
the film. tensity maxima along the ringf~igs. 1(b)and 1(d)]and

The films were prepared in four different ways. weak and broad horizontal lines. RHEED patterns from the
(1) Thick double layers of 50 ML Bi followed by 50 ML Mn films only consist of a few wide ringfFigs. 1(a)and

Mn (Mn/Bi). 1(e)]. Thus, it is difficult to learn anything about the crystal-
(2) 50 ML of both materials in reverse ordéBi/Mn). line structure of the Mn and Bi phases. Two important facts
(3) 50 double layers of Bi and Mn, composed as “digital are as follows(i) The reverse film composition of the thick

alloys”™ 50x (1 ML Mn/1 ML Bi). double-layered films can be recognized in the RHEED pat-

(4) Coevaporation of both materials with fluxes, equiva-€Ms of Figs. 1(a), @), 1(b), and 1(e)(ii) The digital alloy
lent to a 1:1-film composition. type of film preparation[(c), (f)] leads to a similar film
All films have a final thickness of-185 A, correspond- 9rowth mode as the Mn/Bi-typEb), (€)]. The same holds
ing to 50 ML of each materiak TEM samples are 100 ML for the coevaporated samples. Thus, at RT a monolayerwise
thick.) 1 ML equals 7.8% 101 atoms/crf, the atom density Material deposition does not lead to a monolayerwise film
of the Si(112 surface. The nominal thickness of 1 ML Mn as 9rowth.
calculated from its RTx-phase structure is thus 0.952 A. For ~ TEM images show the influence of the different growth
1 ML Bi, we calculate a nominal thickness of 2.76 A per Procedures on the sample structures in real sy&ags.
ML from its rhombohedral structure. 1(9)-1()]. These micrographs show250 nm wide cross
All films were grown at RT unless stated otherwise. A sections of the samples. All fiims cover the substrate com-
postgrowth annealing was conducted at temperatures in tHaletely. The films consist of two main elements: large, single-
range of 250—350 °C for up to 9 h. For the digital alloys andcrystalline islands of Bi, 30—60 nm in diametémaged
coevaporated samples, also a growth temperature of 300 °@gark), and a smoother, substrate- or island-covering layer of
was used. Mn (imaged bright). This material assignment corresponds
Although our study includes the growth of Mn-Bi films Wwell with the RHEED observations. It is confirmed by analy-
on two different Si(111surfaces most data are presented forsis of the crystalline structure in high-resolution data identi-
the pure Si substrate, as experiments show no significarlying a-Mn and Bi crystallites in these filmgnot shown
influence of the substrate termination. here), by EDAX-measurementenergy dispersive analysis
RT deposition of any type of Mn-Bi films does not lead of x-rays, also not shownas well as by the fact, that heavy
to well ordered crystalline film growth, demonstrated in Fig.elements absorb more electrons and are thus displayed dark
1, showing RHEED patterns of Bi/Mjita), (d)], Mn/Bi [(b), in TEM.
(e)] and digital alloy films[(c), (f)]. Samples prepared by AES data are consistent with this picture. Figure 2 shows
coevaporation generate identical RHEED patterns as digitdivo series of Auger spectra: on the left, a Mn/Bi/Si film and,
alloys, and thus will not be discussed individually here. Weon the right, a Bi/Mn/Si film. Each series starts with a spec-
find more or less diffuse ring patterns indicating amorphougrum of the bare SK11)7 X 7 substrate at the bottoifita),
or polycrystalline growth. Nevertheless, the RHEED patterngb)], followed by spectra of the RT-grown 50 ML of the first
are of characteristic type for the grown material: The Bimaterial—Bi (c) and Mn (d)—covered with the second
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Mn /Bi/Si T for the bulk spots. Nevertheless, we attribute the ring pattern
g to a Bi phase, as will become clear during further discussion.

The polycrystalline RHEED pattern indicates a rough
film. Therefore it is surprising to observe LEED patterns of
high quality from the same surfag€ig. 3(b)]. All types of
L samples discussed so f&in/Bi/Si, digital alloys, coevapo-

 MnBi rated) show the same LEED pattern originating from
“ ~15 nm large well-ordered crystalline domains as revealed
Bi/Mn/si K ‘ , from the full width at half maX|mum via spot-profile analy-
. sis. The symmetry is of3x\3 type as deduced from the
& spot-intensity distribution. The lattice constant is 7 A. It can-
; not be assigned to the MnBi or to the Bi or Mn lattices.
3. LEED interpretation is aided by our investigations of the
growth process of Mn on the Si{1)7X7 and Sl(lll)-\3
85 eV BiMn X \3:Bi surfaces? identifying this phase as MSis.
FIG. 3. Diffraction patterns of the annealed filnia) RHEED pattern of th Annealing the Bi/Mn/Si sample at 300 °C for up to 1 h
Bi/Mn)Si film afterpg h annealing gt SSSf(CbI)TE)ED patterzaofetheosamee !eads to the _formatlon of a streaky RHEE_D pattern. Its qual-
surface. Inset ofa): pattern of a digital alloy film after 9 h annealing at ity c¢an be increased by further annealing to 350 °C for
350 °C.(c) RHEED and(d) LEED pattern of the annealed Mn/Bi/Si film. 15 min yielding the diffraction patterns of Figs(c3 and
(Unit cell indicated by diamongl. 3(d). The streaky RHEED patteiie) indicates high surface

quality and shows characteristic features already known from

material—Mn(e) and Bi(f)—and ends with the spectrum of the growth of Mn on Si(11jl[compare Fig. 1d) of Ref. 16]:
the annealed film—9 h at 300 °@) and 1 h at 300 °C MnSi forms.
+15 min at 350 °Qh). This interpretation is confirmed by AEFigs. 2(g)and

The material deposited first covers the substrate: onl2(h)]. The films grow as closed layers on the substrate at RT.
very little traces of Si—if at all—can be found in the spectraNo sign of Si is visible without annealinfFigs. 2(e)and
(c) and (d). They vanish completely after deposition of the 2(f)]. Annealing leads to a dramatic change. With increasing
second material. However, the characteristic Auger transiannealing time and temperature, a Si peak is growing and
tions of the film grown first remain visible in both cases, becomes a significant part of the spectrum. Figure 2(g)
showing that either the on-top material does not cover theshows the situation after 9 h annealing at 300 °C when a
underlying film completely or that some intermixing of both steady state is reached. When judged from the AES spectra
materials takes place. According to the TEM data, the lattealone, the appearance of Si might be explained with a par-
seems to take place. The intensity ratio is just as expectetiflly uncovered substrate surface due to possible island for-
from the deposition sequence. mation. This explanation is not compatible with the diffrac-

To summarize the growth process at RT, we find closedion and TEM data showing flat and well closed films over
films with both materials growing in separate phases, irrewide areas. We thus have to conclude, that Si is detected
spective of the deposition method. The films are rough androm the film surface, where it builds a well-structured over-
do not exhibit good crystalline quality. layer or a Mn silicide, respectivelicompare to Ref. 16).

This changes after annealing the samples. The annealing Diffraction and AES experiments on high temperature
experiments were carried out in two different ways: series ofligital alloy growth on the two different 8ill) substrates
short-time anneals with increasing temperat(té min at have shown that there is crystalline order in the film surface
100 °C, followed by 10 min at 200 °C and 30 min at only if it contains Si. Si diffusion to the film surface is sup-
300 ° O to study the onset of structural changes, and longpressed by depositing 50 DL digital alloys at 200 °C sub-
time annealing(9 h) at different temperature$250 °C, strate temperature on the Bi reconstructed Si surf&og.

300 °C, 350 °Gq. 4(a)]. No LEED pattern can be measured from this sample.

Annealing the RT-grown films leads to structural In contrast, deposition on the pure Si substrate under the
changes indicated by modifications in the RHEED patternsame condltlons yields Si in the Auger spectrfg. 4(b)]

For samples with comparable RT structyMn/Bi, digital  and aV3x 3 LEED pattern(not shown here).

alloys, coevaporated), a similar stuctural evolution is ob-  The composition of our samples—ABi islands and flat Mn
served. Around 100 °C, the polycrystalline texture vanishedilms even at RT—is in contrast to the one observed by RU-
and the diffraction pattern is characterized by diffuse intendigeret al.;* who claim the exactly opposite behavior of both
sity only. At temperatures higher than 250 °C, crystallinematerials during RT deposition on glass substrates: whereas
ordering takes place leading to the formation of a characteMn builds islands, Bi grows as a flat crystalline oriented film
istic polycrystalline ring pattern after 30 min at 300 {Eig.  on top of the substrate as well as on top of Mn. This differ-
3(a)]. For longer annealing times of up to Q& 300 °Q, ence might be due to the choice of the substrate.

the structure remains unchanged but the pattern gains inten- In conclusion, a variety of attempts has been made to
sity. Increasing the temperature to 350 °C yields a complexgrow ¢ axis texured MnBi films on Si(1)1surfaces—none
pattern of bulk spots as a superposition to the ring pattermvas successful as no magnetic signal was obtained from any
[Fig. 3(a)inset]. The ring pattern is unique. The same holdsof the films. Instead of forming MnBi, both materials survive

1
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dN/dE / arb. units

FIG. 4. AES spectra of 50 DL digital alloy films deposited at 200(agon
a Si111)V3X y3:Bi surface andb) on a S{111)-7 X 7 surface. The strik-
ing difference is the Si peak at 91 eV which is visible(b) but not in(a).
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