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Metastable body-centered-tetragonal phase of vanadium on Ga01}
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Pseudomorphic ultrathin films of vanadium on{Q0L up to about 14 A thick have a body-centered-
tetragonal structure with=2.556 A andc=4.40+0.10 A, as determined by quantitative low-energy electron-
diffraction analysis. Despite the low accuracy of the quantitative results, which is due to the high densities of
defects and disorder in the grown films, use of the epitaxial Bain path leads to unambiguous identification of
the films’ structure as a strained state of the metastable equilibrium bct phase of vanadiam &i78, rather
than a strained state of the bcc ground state/at=1. [S0163-182€09)03620-9

INTRODUCTION lized by applied stress. The advantage of using reduced units
for the coordinates is that theory can be compared more ac-
In a recent publicationwe reported the stabilization of a curately with experiment, since first-principles theory sys-
metastable phase of bulk vanadium with body-centeredtematically underestimates lattice constants.
tetragonal(bct) structure by means of epitaxy on {R01}. Thus the tetragonal plane is divided into three regions:
The existence of this phase had been predicted theoreticalfo regions of strained phases, maintained by epitaxial
by total-energy calculations of tetragonal states and the restress, separated by a region of inherently unstable states.
sulting so-called epitaxial Bain patfeBP) for vanadium?®  This division has important practical consequences: If a
In view of the remarkable result of this recent work, which pseudomorphic film is grown on a square net with parameter
indicated the existence of an equilibrium phase of V verya and thec parameter is knowie.g., from a quantitative
different from the bcc ground state, it seemed worthwhile tdow-energy electron diffractiotQLEED) analysig, then the
confirm this result on another substrate. Possibly, use of Rair a,c represents a point on the tetragonal plane that is not
substrate on which the epitaxial film of V would be in ten- in the unstable region. The observed structure has an unam-
sion rather than in compressigas on N{001}) would pro-  biguous identification as either a strained state of the stable
duce a more ordered film. Hence {001} with an in-plane  equilibrium phase or a strained state of the metastable equi-
lattice parameter 2.8% larger than{001} seemed appropri- librium phase. Since the lattice parameters of both phases are
ate. known (from the total-energy calculation of the EBRt is
Epitaxial Bain paths can be generalized for different sur€asy to calculate the strain in the grown film.
faces of different crystal structures, but have so far been For vanadium the energy along the EBP displays the
limited to {001 surfaces of tetragonal structures, such as thdower minimum atc/a=1.0, c=a=2.92A (see Fig. ],
case of pseudomorphic epitaxy of a cubic material on a subwhich is the stable body-centered-culfiicc phase of that
strate surface with a square unit mesh. In this case the EBP igetal, and the shallower minimurtby 10 mRy/atom at
the curve on the tetragonal plafthe plane with the tetrag-
onal lattice constants. and ¢ as coordinatgsthat passes OB T T T T =
through all the tetragonal states produced by epitaxial strain r
on the unstrainedthe so-called equilibriummphases of the r
material. 20
One way to present the EBP is to plot a curve on the -
tetragonal planec=c(a): For any valuea of the square T
mesh that may be imposed by the pseudomorphism on the § o
film material, the curve gives the value of tkeparameter ;: -
that minimizes the total energy of the system. The minimum 5 o
then corresponds to the epitaxial condition of zero stress nor-
mal to the epitaxial film. Another way to present the EBP is
to plot the normalized volume per atowfiV, (V is the vol- 51
ume per atom in the strained state anglis the volume per
atom in the stable equilibrium stateersus the axial ratio RN AT T T e
c/a. In either case the curve passes through two points that 08 08 10 11 12 13 14 15 16 17 18 19
correspond to two total-energy minima: The lower minimum o
defines the stable tetragonal equilibrium state, the other, a F|G. 1. Total energiE of tetragonaV along the epitaxial Bain
metastable equilibrium state; both are states of bulk crystabath as a function of/a, showing that the metastable equilibrium
line V. Between the two minima there is a saddle point,state atc/a=1.78 has energy 10 mRy/atom above the stable equi-
which corresponds to an unstable state and is surrounded Higrium state ac/a=1. The full circles mark the phase points at the
a region of inherently unstable states that cannot be stabiminima of E, which appear again in Fig. 3.
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c/a=1.78 andV/V,=1.02, whence we calculai@vith V,  between 0.3 and 1.3 A/min. The substrate was kept at room
=12.50 A3, the theoretical value of the bcc volume per atomtemperature during deposition.
given in Ref. 3 thata=2.43 A andc=4.33 A for the meta- Estimates of film thickness were based on the ratios of
stable body-centered-tetragondict) phase of vanadium. AES intensities as explained elsewh@ie. the present case
Since, as pointed out in Ref. 1, the lattice constant calculatetivo pairs of AES intensities were considered3V eV)/
with the local-density approximation is found for bcc V to be Cu(60 eV) and 473 eVW)/Cu(920 e\, the former being
3.3% too low with respect to experiment, the values of thgudged more reliable than the latter, owing to the closeness
experimental lattice parameters for the bct phase are pref the AES energies to one another. Film thicknesses varied
dicted to bea=2.51 A andc=4.47 A. between 3 and 18 A in the course of the experiments.
In our first attempt at stabilizing this bct phasee chose The LEED pattern remained X1 with increasing V
a Ni{001} surface as a substrate on which to grow a vanadeposition, but with rapidly increasing background. When
dium film, because the primitive square mesh ofON1} has  the film thickness increased beyond about 16 A extra spots
sidesa=2.49 A, hence only 0.8% smaller than the sides ofappeared on the LEED pattern, which indicated the presence
the square mesh of the V bct phase. Despite this small misfigf four domains of bcd10 vanadium, as reported by Per-
vanadium films could be grown only to thicknesses of abouvan, Valla, and Milurf During collection of intensity data
20 A before defects destroyed the long-range order and thigom the 1x 1 pattern the same difficulty was encountered as
low-energy electron diffractiofLEED) pattern was obliter- in the study of V on Nj001,' namely, the LEED back-
ated. As a consequence, the results of the QLEED analysground increased so rapidly with surface coverégedica-
were tagged with large error bars. However, the attempt tdive of rapid formation of defects and disorder in the film
grow the metastable bct phase was nevertheless successtfiiat there was only a very narrow range of coverages at
because the experimental data were found to fall in the rewhich the film was thick enough for th&V) curves to be
gion around the metastable equilibrium state and on the constable(i.e., to correspond to semi-infinite thickngssd yet
pressive side of the equilibrium point, thus proving that thethe LEED pattern was still good enough fi{V) measure-
structure of the vanadium film was a strained state of thements to be carried out. The intensity data used in the analy-
metastable phase. sis described below were collected from a film about 14 A
Another possible choice of substrate for the stabilizatiorthick. The high background introduced a rather large uncer-
of bct V is C{001, which has a primitive square mesh with tainty in the widths and positions of peaks in theV)
sidesa=2.56 A. Thus, while on NDOT} the epitaxial strain curves, so that the overall accuracy of interlayer spacings is
of the V film is a 0.8% compression, on {001} the epitax- expected to be lower than the norm in surface and overlayer
ial strain is about a 2% expansion. Compared t0B} as  studies, as was the case for V on{001}.
substrate, the sign of the misfit is more favorable for the We measured the intensities of the 10, 11, and 20 beams
growth of better-ordered films. The magnitude is not as fa-at normal incidence and of the 00 beam at non-normal inci-
vorable, but still well within the range of epitaxial film dence as functions of incident-electron eneltie so-called
growth, hence we decided to try a {001} substrate. I (V) curves or spectieat all stages of deposition to monitor
Previous work on the V/Q001} system was not encour- their changes. The experimental procedure consisted in mak-
aging. Pervan, Valla, and Mildrreported observing £1  ing a first deposition, determining the film thickness with
LEED patterns for one-layer-thick V films and complex AES, checking the LEED pattern, and collecting/) spec-
LEED patterns corresponding to four domains of{did€} V= tra. A second deposition was then made and all steps re-
for films two to three atomic layers thick. However, the V peated, etc. Eventually, the LEED pattern deteriorated to the
coverage was determined from the decrease of a Cu Auggoint of being unusable, at which point the sample was re-
line with an assumed electron mean free p@tprocedure cleaned to the bare substrate surface and the whole process
that we have often found to have low accura@nd the repeated.
LEED work was only qualitative, i.e., LEED intensities were
not measured. Our work described below shows that before
collapsing into bcf110 (with four rotationally related do- QLEED ANALYSIS

maing, ultrathin V films on C4001} have a structure derived  The calculations of diffracted intensities were made with
from stralned_metastable bct V, as predicted by the EBPt’he full-dynamical prograncHANGE (Ref. 6 including 69
although the films have many defects and poor crystallinityyeams and 6 phase shifts up to 500 @sts with 8 phase
shifts did not reveal significant differenge§he Cu and V
potentials needed for the corresponding phase shifts were
obtained from the collection of Moruzzi, Janak, and
A Cu{00L platelet (10<5x1 mn?T), mounted in a Wiliams.” The real part of the inner potential was initially
vacuum system capable of reaching a base pressure of chosen at 10 eMadjustable during the analysis; the final
x 10" Torr, was cleanedh situ with sequences of argon- value was 15 4 eV), the imaginary part was 3 eV, and the
ion bombardments (810~ ° Torr, 375 eV, 1uA/cm?) and  root-mean-square amplitude of thermal vibratiohg)2
annealings(10 min at about 650 °Cuntil Auger electron =0.11A.
spectroscopyAES) revealed no impurities above the noise  The calculations assumed that the V film was semi-
and a sharp low-background LEED pattern was observednfinite with an in-plane lattice constant of 2.556 A imposed
The vanadium source waa V wire (0.25 mm diametér by the pseudomorphism with the {001} substrate. The in-
heated by electric current to about 1250 °C. Exposure timegerlayer spacingly,, was varied from 2.02 to 2.24 A in steps
varied between 10 and 30 min, producing deposition ratesf 0.02 A, in each case varying the chanyed,, of the first
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FIG. 3. Epitaxial Bain path for vanadiuiRef. 3 (solid curve
with stable bcc state at/a=1.0, metastable bct state afa
=1.78 (full circles), and unstable fcc state ata=1.414 (saddle
point, markedX). Energy contours are drawn with short dashes at
SE=1 mRy above the stable and the metastable points, through the
saddle point, and at- SE from the saddle point. The region be-
tween the lines of long dashes, which includes the saddle point,
contains inherently unstable states. The open square is the experi-
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FIG. 2. Experimentalsolid) and theoretical{dashed and dotted

(V) spectra: 10, 11, and 20 at normal incidenée=Q°), and 00

at off-normal incidence §=7°, ¢=—17.5°). Dotted curves were

calculated withdy,,,=2.10 A, dashed curves witth,,=2.20 A.

interlayer spacingl;, from —0.18 to 0.06 A in steps of 0.03
A. The structure refinement was done with the 10 and 1

mental result found in this work correspondingde-4.40 A and
the open circle corresponds to=4.20 A. The error lines corre-
spond tosc=+0.1A.

bct, with a=2.556 A (dictated by the Cu substratand ¢
between 4.20 and 4.40 A. As in the case of {001}, the
large uncertainty in the value of tlegparameter is due to the
poor quality of the LEED pattern produced by the V film and
by the fact that only twd (V) spectra could be used in the
analysis, which is an inferior data base for quantitative

Jsurfrclce-structure work.

beams only since the 20 beam was judged less reliable owing The experimental results are plotted on thka-V/V,

to a very low signal-to-noise ratio.
The agreement between calculated and obsei&)

spectra was gauged both visually and Ryactor analysis

with threeR factors: Ryut,8rz;,° andRp.1° The Rfactor
minima vary considerably: Ry,r=0.37 for dp,,=2.20 A
andAd;,=—0.09A; r,;=0.19 ford,,=2.12 A andAd,,
= —009A, and Rp:053 fOI’ dbU|K:2'1OA and Adlzz
+0.06 A. In all cases, the error bars are putZ0.05 A.

plane in Fig. 3 along with the EBP for V, the upper empty
square corresponds to thg,,=2.20 A value and the lower
empty circle to thed,,=2.10A value, in both cases with
error bars of+0.05 A. Despite the large uncertainty about
the precise values af/fa andV/Vy, it is clear that the ex-
perimental points fall on the right-hand side of the unstable
region, i.e., in the vicinity of the metastable bct state pre-
dicted by theory to occur a/a=1.78, and on the side of the

Changes of thel,; spacing did not improve the fit. equilibrium point corresponding tensilestress, as expected

Figure 2 depicts calculated and observedV)  on c001}. Thus the growth of ultrathin films of vanadium
curves: 10, 11, and 20 at normal inciden@e=0°) and 00  on c{001} has produced a strained form of the metastable
at#=7° and¢=—17.5°. Dashed curves are theoretical for st state of vanadium metal.
dpuk=2.20A and dotted curves are theoretical g This result providegalong with the case of V/NOOL)
=2.10A. The visual evaluation finds the overall fite.,  another demonstration of the power of first-principles theory
including the 20 beam at normal and the 00 beam at offynq of the usefulness of epitaxial Bain paths in predicting the
normal incidenck for dyyu=2.20A better than that for eyistence of metastable phases and in interpreting the bulk
dpui=2.10A (or 2.12 A, not shown heje structure of pseudomorphic films. Conversely, this result
confirms the reliability of first-principles theory and provides
a deeper understanding of the nature of a phase and its equi-

librium and strained states.
The conclusions are similar to those drawn from the study

of V on Ni{001. Vanadium grows pseudomorphically on
Cu{001} to thicknesses of about 14 A, but also with high
densities of defects and disorder, probably as a consequence The authors gratefully acknowledge partial support by the
of the small energy barrier between the strained metastabMational Science FoundatiofNSFH with Grant No.
state and the bcc ground state. The structure of the V films iDMR9806651.
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