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Epitaxial Growth of Omega-Titanium on the (111) Surface of Alpha-Iron
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(Received 29 November 1995)

v-Ti films of trigonal structure are grown epitaxially on the (111) surface ofa-Fe at 300 K by
electron beam evaporation in UHV. Thev-Ti films are oriented with the (0001) plane parallel to the
a-Fe(111) plane and thev-Ti f21 10g direction in thea-Fe f110g direction in the plane of the substrate.
The second-nearest-neighbor atomic interaction is believed responsible for the formation ofv-Ti at the
interface. The relatively thickv-Ti film (40 nm) is a result of the small energy difference between
v-Ti and the competing hcp-Ti. [S0031-9007(96)00259-1]

PACS numbers: 68.35.Bs, 81.15.Kk
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Epitaxial growth of metallic thin films is an activel
pursued area of research for fundamental studies
thin film growth processes and for applications in no
electronic and magnetic devices [1]. One of the fun
mental issues is the formation of metastable phases
epitaxial growth. Examples include the formation
body-centered-cubic (bcc) Cu on bcc Fe [2], fac
centered-cubic (fcc) Co or Fe on fcc Cu [3], and fcc
on Au [4]. In these cases, the overlayer adopts a cry
structure that is well lattice matched to the substrate
is normally different from that the overlayer mater
would have in the bulk. This phenomenon, known
pseudomorphism, has recently attracted both experime
and theoretical investigations [1–5]. Usually, the pseu
morphic overlayer can grow to a few monolayers bef
transforming to equilibrium phases. An exception is
epitaxial growth of bcc Co on GaAs [6]. The thickne
of bcc Co can reach 35 nm before the film transfor
to its bulk hexagonal-close-packed (hcp) structure. T
lattice mismatch between the bcc Co and GaAs subs
is very small (0.4%). Subsequent electronic struct
calculations show that the bcc Co is a metastable s
which lies about 5 mRy above the ground state [7]. In t
Letter, we report, for the first time, the epitaxial growth
the trigonal structurev-Ti on the (111) surface of bcc F
(a phase) at 300 K by electron beam evaporation in UH
The lattice mismatch betweenv-Ti and a-Fe is about
12%. Despite the large lattice mismatch, the thickn
of the v-Ti film is about 40 nm. This observation ma
stimulate a broad interest in solid state physics, includ
epitaxial thin films, phase transformations, and to
energy calculations of bulk and interface structures.

This study was motivated by our previous observati
that, at 300 K, (a) (111) orienteda-Fe films can grow epi-
taxially on hydrogen terminated Si(111) substrates [8]
(b) double hcp-Nd can grow epitaxially on the (111) s
face ofa-Fe [9]. Titanium was chosen to further explo
epitaxial growth, since there is a large lattice mismatch
tween hcp Ti anda-Fe (about 31%). Furthermore, bu
Ti can exist in several forms. At normal pressure, it tra
forms from hcp (a phase) to bcc (b phase) at high tem
0031-9007y96y76(21)y3999(4)$10.00
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perature. At room temperature, Ti transforms froma to
thev phase under high pressure [10]. Recently, a par
a- to v-phase transformation induced in Ti during ion i
radiation in the electronic slowing-down regime has be
reported [11]. The formation of epitaxialv-Ti films has,
to the best of our knowledge, not been reported.

A [111] oriented a-Fe film was first deposited on
hydrogen terminated Si(111) substrates at300 6 3 K
under similar conditions as described previously [8
Then, a Ti film was deposited onto thea-Fe(111)/
Si(111) structure from an electron beam evaporat
source in the same UHV chamber and at the sa
substrate temperature. The base pressure was better
3 3 1029 Torr and the pressure remained in the lo
1028 Torr range during deposition. The Ti deposition ra
was 0.05 nmys from a 99.99% pure Ti source (AESAR)
Before exposing the samples to air, a 15 nm thick Si lay
was deposited on top of some of the samples to prev
oxidation of the Ti and Fe layers in air. Sputter dep
profiles obtained using a 4 keV Ar1 ion beam and x-
ray photoelectron spectroscopy showed that the oxy
and carbon contamination in the bulk of the films w
less than the detection limit of 1 at.%. The interfac
between Ti and Fe, between Fe and Si, and between
Si cover layer and Ti were well defined, without eviden
of interdiffusion.

Figure 1(a) is au-2u x-ray diffraction (XRD) pattern
of a 50 nm thick Ti film on a 35 nm thicka-Fe(111) on
a Si(111) substrate. All films were deposited at 300
In addition to the substrate Si peaks and thea-Fe(222)
peak, the two observed diffraction peaks correspond
a plane spacing of 0.2818 and 0.1410 nm, respectiv
These peaks cannot be identified with either hcp (a 
0.29505 nm andc  0.46826 nm) [12] or bcc Ti (a 
0.33065 nm) [13]. Nor can they be identified with
known Ti hydrides [14], includingd hydride (CaF2
structure),e hydride TiH2 [face-centered-tetragonal (fct
structure, withcya , 1], and g hydride (fct withcya .

1). These diffraction peaks do not match various
oxides either, consistent with the observation that t
oxygen concentration in the films is less than 1 at.
© 1996 The American Physical Society 3999
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FIG. 1. u-2u x-ray diffraction patterns of a 50 nm thic
Ti layer on a 35 nm thicka-Fe(111) layer on a Si(111
substrate (a) and a 50 nm thick Ti layer on an oxidized Si(1
surface (b).

They can be identified, however, with thev-Ti (0001)
and (0002) diffraction, knowing the unit cell constan
for v-Ti (0.4621 , a , 0.4643 nm and0.2810 , c ,

0.2819 nm) [10].
It is well established that thev phase can exist in two

slightly different modifications, hexagonal (idealv) and
trigonal (rumpledv), with space groupD1

6h (P6ymmm)
and D3

3d (P3m1), respectively [10,15]. The positions o
the atoms in thev structure can be written (0,0,0) an
6s1y3, 2y3, 1y3 1 dd with 0 , d # 1y6. For d fi 1y6
the crystal is trigonal, and ford  1y6 the crystal has the
hexagonal symmetry. The geometrical structure facto
given by

Fhkl  1 1 2 cos2pfsh 2 k 1 ldy3 1 ldg . (1)

The crystal structure of the films is further examin
by XRD f scans. With the x-ray incident angle set
16.168± and detector angle at 54.869± from the sample
plane, three diffraction peaks are observed as the sam
rotated 360± about the sample norm [Fig. 2(a)]. Th
corresponding2u is 71.037± andd spacing is 0.1327 nm
The d spacing can be identified with that of theh1012j
planes ofv-Ti. Furthermore, the angle between the no
of these planes and the sample norm is 19.350±, which
is the expected angle betweenh1012j and h0001j of v-
Ti. Since the structure factor is zero for the respect
hexagonal but nonzero for the trigonalv-Ti h1012j
diffractions, the structure of the Ti film deposited at 300
on the (111) surface ofa-Fe is that of the trigonalv-Ti.

According to Eq. (1), there can be sixh1012j diffrac-
tions in the abovef scan for the trigonalv-Ti. The struc-
4000
)

is

le

e

FIG. 2. XRD f scans of thev-Ti h1012j diffraction (a), the
v-Ti h1122j diffraction (b), thea-Fe {202} diffraction (c), and
the a-Fe {211} diffraction (d) of a 50 nm thick Ti film on a
35 nm thick Fe film on Si(111).

ture factor for three of the six is1 1 2 cos4pd and for
the other three is1 1 2 cos2ps1y3 1 2dd. Since three
h1012j diffraction peaks are observed in the abovef scan
[Fig. 2(a)], we can estimated to be less than1y14 from
the structure factor and measured scattering intensity.

Consistent with Eq. (1), sixv-Ti h1122j diffractions
are also observed using XRDf scan with the x-ray
incident angle set at 8.596± and detector angle at 71.213±

from the sample plane [Fig. 2(b)]. This set of pea
and their azimuthal angular position with respect to
set of h1012j diffraction peaks [Fig. 2(a)] provide furthe
evidence that the film isv-Ti.

Thev-Ti film is grown epitaxially on the (111) surfac
of a-Fe, evident from XRDu-2u scan for Ti [Fig. 1(a)],
and f scans forv-Ti and a-Fe (Fig. 2). Since three
peaks ofv-Ti h1012j diffraction, 120± from each other,
are located halfway between thea-Fe h202j peak po-
sitions and are aligned witha-Fe h211j peak positions
[Figs. 2(a)–2(d)], the following in-plane orientation rel
tionship is obtained [Fig. 3(a)]:

s0001dv-Ti k s111da-Fe with f21 10gv-Ti k f110ga-Fe .

(2)

Also depicted are two alternative orientation relationsh
that are not observed [Figs. 3(b) and 3(c)].
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The in situ reflection high energy electron diffractio
(RHEED) patterns [Figs. 4(a)–4(d)] provide addition
evidence forv-Ti and the above orientation relationsh
[Eq. (2)]. The transmission diffraction patterns fromv-
Ti [Figs. 4(c) and 4(d)] are also consistent with th
simulated using the Cerius2 software [16]. Furthermore
RHEED results show that (1) epitaxy is initiated at th
interface between Ti and Fe and (2) thev-Ti film can
grow to a thickness of about 30 to 40 nm before t
appearance of hcp-Ti. The latter observation is consis
with the coherence length of 40 nm determined by XR
for Ti films 50 nm thick.

The observedv-Ti films are metastable with respec
to the commonly observeda-Ti (hcp) in the following
sense. (1) XRD andin situ RHEED experiments show
that, at the same substrate temperature of 300 K, the h
Ti gradually appears with increasing thickness of thev-
Ti. This gradual transition occurs when the thickness
the v-Ti film is about 30 to 40 nm. (2) The hcp-Ti films
are observed when Ti is deposited ona-Fe(111) surfaces
at higher temperatures (e.g., 450 K). (3) Annealing
an v-Ti film formed at 300 K at high temperatures
such as at 373 K for 1 h in UHV, causes a significa
decrease in x-ray scattering intensity of thev-Ti phase
and an increase in intensity of the hcp Ti. At roo
temperature, however, thev-Ti thin film of about 50 nm
thickness covered with 15 nm thick Si is stable f
at least 4 yr, as shown by the identical XRD resu
obtained during the time period. (4) At the substra
temperature of 300 K, hcp-Ti films always form whe
Ti is deposited on many substrates, including oxidiz
silicon substrates [Fig. 1(b)]. The latter also shows th

FIG. 3. An illustration of the structure and orientation rel
tionships between trigonalv-Ti (a) and (b), hexagonalv-Ti
(c), anda-Fe (d).
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epitaxy is responsible for the formation of thev-Ti films
on Fe(111) surfaces.

To elucidate the growth mechanisms, it may be instru
tive to consider the structures of Ti. From the symm
try point of view, there is little advantage for Ti to tak
on the trigonal structure (v) when it is deposited on the
(111) surface ofa-Fe, since either bcc or hcp phases c
grow epitaxially on the (111) surface of bcc metals [17
From the lattice mismatch point of view, the mismatch b
tween theh21 10j planes of hcp Ti and theh110j planes of

a-Fe is very large,sdh110j
a-Fe 2 d

h21 10j
hcp-Tidyd

h21 10j
hcp-Ti  231.3%

or s2d
h110j
a-Fe 2 d

h21 10j
hcp-Tidyd

h21 10j
hcp-Ti  37.3%. The lattice mis-

match between theh110j planes of bcc-Ti and bcc-Fe is
about 213.3%. The lattice mismatch betweenh21 10j
planes of v-Ti and h110j planes of a-Fe, s2d

h110j
a-Fe 2

d
h21 10j
v-Ti dyd

h21 10j
v-Ti , is about212.4%. This large lattice mis-

match is only slightly smaller than that between bcc-
and bcc-Fe (213.3%). Furthermore, the lattice mismatc
would be the same for either the hexagonal or trigon
v-Ti on bcc Fe(111). Accordingly, simple symmetry o
lattice mismatch considerations based on two-dimensio
surface nets alone cannot explain the epitaxial growth
the trigonalv-Ti on the Fe(111) suface.

The three epitaxial relationships depicted in Fig.
have the same two-dimensional surface net with identi
lattice mismatch. The main difference between them
the plane spacing in the (0001) direction, which affec
the second-nearest-neighbor distance between Ti and
atoms near the interface. The fact that only one of the
orientations is observed shows that the second-near
neighbor atomic interaction is essential in determining t
formation of the epitaxialv-Ti thin films.

FIG. 4. RHEED patterns taken alongf110g Si (a), along the
same direction when Fe is 15 nm thick (b) and when Ti
27 nm thick (c), and alongf211g Si when Ti is 27 nm thick
(d). The pattern (b) is consistent with that of thef110g a-Fe
transmission diffraction pattern. The patterns (c) and (d)
consistent with that of thef21 10g andf1010g v-Ti transmission
diffraction patterns, respectively.
4001
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While the thickness of the previously observ
metastable metal films made by epitaxy is usually a
atomic layers, the thickness of thev-Ti is about 40 nm.
Furthermore, the lattice mismatch is large compared to
cases of pseudomorphism. The relatively thick metast
v-Ti films are perhaps a result of the very small ene
difference betweenv-Ti and the competing hcp-T
phase. According to recent first-principles, total ene
calculations [18], withv-Ti has a slightly lower energy
than the hcp structure at zero temperature. The pre
experiment shows that thev-Ti film is metastable at room
temperature. However, the small energy difference co
explain the relatively thickv-Ti film on Fe(111).

Future experiments include the investigation of
possible influence of strain in this unusual case
epitaxial growth. It would also be instructive to calcula
the electronic structure and interfacial energy for vario
Ti/Fe interfaces. Recently, Ezakiet al. have shown,
using a discrete-variational cluster method, that add
transition metals of higher valence electrons, such as
into Ti is effective in strengthening the atomic bon
in the bulk v-Ti phase [19]. The present observati
indicates that the same situation may also be true for
Ti atoms at the Ti/Fe interface. Furthermore, consider
the small energy difference between bulkv- and hcp-Ti,
the lowest interfacial energy configuration may be t
observed in this experiment.
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