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Metastable phase of vanadium
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The epitaxial Bain path for vanadium, calculated by first-principles theory, reveals the existence of a
metastable body-centered-tetragof(i@lt) phase withc/a=1.78. Experiments aimed at stabilizing this phase
by pseudomorphic epitaxy on a{8D1} substrate were successful insofar as the ultrathin films grown have a
bct structure withc/a between 1.73 and 1.77. The bulk structure of the V films was determined by quantitative
low-energy electron diffraction, but the accuracy of the results is worse than usual owing to high densities of
defects in the grown filmg4.50163-18208)03044-9

I. INTRODUCTION that Ti films on A{001} are strained fcc Tisee references
cited in Ref. 8.

A crystal film that grows epitaxially and pseudomorphi- However, a better procedure, which does not require
cally on a surface of another crys{@he so-called substrgte knowledge of elastic constants and does not assume linear
is almost always strained because the surface mesh of thedasticity theory, consists of comparing the measured struc-
substrate seldom matches perfectly the surface mesh of thiere of the film with the bct states on the so-called epitaxial
film material in its unstrained statghe film's equilibrium  Bain paths(EBP’s).
statg. The strain arises from this mismatch of the surface Perhaps the best way to explain the EBP’s is to describe
meshes when the film material is forced to adopt the dimenhow they are obtained. We do so here for the special case of
sions of the substrate mesh, as required by pseudomorphisketragonal states. Consider, for simplicity, a material with

But the film material may have more than one phasecybic structure and lattice constaaf. Suppose that we
hence more than one equilibrium statBor example, metal grow a pseudomorphic film of that material on a substrate
crystals with body-cen_tered—tetragor(dﬂ_clt) structure have gyrface with a square unit mesh with sides equalao
two bet phases, one with a stable equilibrium state and ong., ' since the film material is strained in the plane parallel

with a metastable gqglllbr!um state? which correspond to to the substrate surface, the elastic response will change the
two total-energy minima in the so-called tetragonal plane

i . spacing in the perpendicular direction, so that the film will
(defined by the tetragonal lattice constaats_md c). Thus,_ assume a body-centered tetragonal structure, i.e., a unit cell
when such a material grows pseudomorphically on a given . . .
substrate a question that arises is: Which phase does its equ ith asquare basglx a, and height given by, #a,. The
librium state belong to? The answer is one of two pieces ofiuestion is, -what is the value of? .
information that are required in order to determine the strain _Nature will of course produce the value of that mini-
in the grown film. The other piece is knowledge of the inter-MiZes the total energy of the system, and we can do a total-
atomic distances in the bulk of the film, i.e., the film’s atomic €nergy calculation to find out what that value is. We then
structure. have one pair of values; andc,;, which we can plot as a

Since pseudomorphic films of metastable phases arRoint on the tetragonal plane with coordinateandc. Next
likely to be ultrathin, i.e., to involve only up to 10 or 20 consider a substrate with a square unit mesh with siges
atomic layers, the determination of their atomic structurefind, with a total-energy calculation, the value of that
must be done with surface-sensitive probes, of which theninimizes the total energy of this system and plot the point
most developed and the most successful is quantitative low(a,,c,) on the tetragonal plane. Repeat the procedure for
energy electron diffractiodQLEED).” In the case of films aj, etc.
with the bct structure grown on square nets, which are the The curve passing through the plotted points is the EBP
films considered in the present work, the only quantities tdor the material selected. Each point on the EBP is associated
be determined are the interlayer spacings. In particular, twith the value of the total energy of the particular tetragonal
compare with bulk phases we want the bulk interlayer spacstate represented by that point. Usually, and specifically in
ing or thec parameter, which is twice the interlayer spacing.the case of V, two points on the EBP correspond to two
QLEED can usually measure the interlayer spacing with artotal-energy minima: the lower one defines the stable tetrag-
accuracy of about-0.03 A. onal equilibrium state and the other, a metastable equilibrium

Procedures for carrying out the strain analysis once thstate. Thus we can define the EBP as the curve on the tetrag-
crystallography is known are described, e.g., in Ref. 8. Suclonal plane that passes through all the tetragonal states pro-
procedures require knowledge of the elastic constants of thduced by epitaxial strain on the equilibrium states of the
film's equilibrium state, and assume that linear elasticitymaterial.
theory holds(i.e., that the elastic constants do not change as The EBP is particularly useful in studies of epitaxial
the strain increasgsThus, it was found that ultrathin films growth, indeed because for any valaef the square-mesh
of Fe and Co on R{®001} have bct structures derived from size that may be imposed on the film matefedbnstrained
bce Fe and fcc Co, respectively, that Co films 004} and by the substrate netthe curve gives the values of the
on TiAI(010 are derived from a metastable bct phase, angarameter that minimizes the total energyof the system,
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L R B R | A S RARRS ACX AR FRAR RAARS RARE point lies in the region around the stable equilibrium state,

K R v then the film’s strained structure is obviously derived from
the stable phase, while if it lies in the region around the
metastable equilibrium state then the film’s equilibrium state
belongs to the metastable phase. Since the two regions are
disjoint, the structure point must lie in just one region. The
strain in the film is then easily calculated:af, andceq are
the lattice parameters of the equilibrium phase, then the
strains are, in the plane of the surfaegs (a—agy)/aesq, and
perpendicular to the surface, = (C—Ceg)/Ceq-

1 Thus, the EBP’s are directly useful in determining the

] bulk equilibrium structure of pseudomorphic films. But their
i 3 1 main value lies in predicting metastable bct phases that

0.0 bl etV L S might be otherwise unknown, and in guiding the experimen-

08 08 10 11 12 18 14 15 16 A7 18 19 talist in designing experiments aimed at stabilizing such
metastable phases. The present work is in fact a demonstra-

FIG. 1. Epitaxial Bain path for vanadiufRef. 6 (solid curve tion of the latter use of EBP’s.
with stable bcc state at/a=1.0, metastable bct state afa Figure 1 reveals that vanadium has a metastable bct phase
=178 (full circles), and unstable fcc state ata=1.414(saddle  \yjth c/a=1.78 andV/V,=1.02, from which we calculate
point, markedX). Energy contours are drawn with short dashes at(With Vo=12.58 A3 thetheoreticalvalue of the bce volume
SE=1 mR_y above the stable and the metasta_ble points, through “Fer atom thata=2.43 A andc=4.33 A. In searching for a
saddle point and at-5E from the saddle point. The metastable ¢ iiahje substrate on which to attempt the stabilization of this

equilibrium state has energy 10 mRy/atom above that of the Stablﬁwetastable phase one must keep in mind that theoretical es-
state. The region between the lines of long dashes, which includes

the saddle point, contains inherently unstable states. The open circ bmatefhof Iattlc?tconstan'ts batsgd OS thte LfDA are us%a:lytfo

and the square are experimental points found in this work and digOW with respect to experiment by about a few percent. In the

cussed in the text. case of the(stablg bcc phase of vanadium, the theory is
3.3% too low compared with experime(2.93 versus 3.03

n&1)-4_6 (Not all band-structure programs using the LDA give

hence corresponds to the observed structure of the cor)-’ | d timate of the latti st
strained system. Reference 5 introduces EBP’s calculate@i‘IS arge an underestimate of the fatlice con ssum- -
ing that the same percentage applies to the bct phase, we find

from first principles and applies them to the measured strug:ghat the probable experimental values of the parameters are
=2.51 andc=4.47 A. A suitable substrate appears there-
re to be N{001}, which is fcc withay=3.52 A, hence with

a primitive square mesh with edge=2.49 A, and we can

expect the film to be in slight epitaxial compression.

Figure 2 of Ref. 5 and Table Il of Ref. 6 give the energies
of the bct equilibrium state and the barrier height between
the equilibrium states relative to the bcc equilibrium state.
The bct state is 10 mRy/atom and the barrier top is 20.8
Ry/atom above the bcc state. This substantial barrier sug-
gests that a bct vanadium film should remain stabilized once
gormed.
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of the EBP and its properties. Reference 9 discusses how t
EBP can be used to identify a new phase of Ti, and show:
how the total energy and other properties of tetragonal T
vary along the EBP.

One way to present EBP’s is in fact to plot thealue for
which E has a minimum as a function af(see, e.g., Ref.)8
Another way is to plot the normalized volume per atghy,
versusa (Ref. 5 or versus the rati@/a (V, is the volume
per atom of the equilibrium state of the stable phase of th
film material under study as done in Ref. 6. An advantage
of using reduced variables in the plot is that it compensate . .
for the systematic underestimate of lattice constants by first- Thg work despnped below is a study of.the grovvth of
principles theory based on the local-density approximatioﬁlar.]ad'lf'm uitrathin fl!ms on NDOZ. The experiment and s
(LDA). An example pertinent to the present work is given indlfflCUltIes are descrlbed_ in S_ec. II, the QLEED analysis in
Fig. 1, as calculated by Marcus and Alipgbr the metal Sec. Ill, and the conclusions in Sec. IV.
vanadium. The EBRsolid curve passes through the two
equilibrium states at the energy minintaull circles) and
through the saddle poircross between the two minima. A Ni{001} platelet (125x1 mn?), mounted in a
The segment of the EBP that has a positive slthe vol-  vacuum system capable of reaching a base pressure of
ume increases with increasimga) and includes the saddle 1x10 ° Torr, was cleaneih situ with sequences of argon-
point consists of inherently unstable phases. This unstablien bombardment$8x 10~° Torr, 375 eV, 1uA/cm?) and
region separates two regions of strained phases, one arouadneals(10 min at approximately 700 9Cuntil Auger-
the stable equilibrium statén the case of vanadium, in Fig. electron spectroscop$AES) revealed no impurities above
1, the unstrained bcc state wittha=1), the other around a the noise, and a sharp low-background LEED pattern was
metastable equilibrium staten Fig. 1 atc/a=1.78. observed.

The usefulness of the EBP’s can be seen as follows. An The vanadium source was a wifiaitially, diameter 0.13
ultrathin film grown on a square substrate with paramater mm, later, 0.25 mm heated by electric current to about
and for which thec parameter is known, as measured, e.g.,1250 °C. Exposure times varied between 15 and 30 min, pro-
by QLEED, is represented by a point on t@-V/V, plane  ducing deposition rates between 0.6 and 1.3 A/min. The
(whereV, is theexperimentabcc volume per atom If this ~ sample was kept at room temperature during deposition of V.

Il. EXPERIMENT
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Estimates of film thickness, based on ratios of AES
intensities:* were inaccurate, because the available equip-
ment allowed only measurement of the ratio between the
AES line of V at 473 eV and the AES line of Ni at 848 eV,

a ratio that varied between 3 and 13 in different experiments.
The large difference in energy between the two AES lines
led in this case to overestimates of the film thickness. Film
thicknesses so determined varied between 13 and 28 A in the
course of the experiments, but were consideredhinaland
used merely as relative reference numbers.

The LEED pattern remained X1 with increasing V
deposition, but with rapidly increasing background. The in-
tensities of diffracted beam@vith indices 10, 11, and 20,
whenever possibjewere measured at normal incidence as
functions of incident-electron energgo-calledl (V) curves
or spectrd at all stages of deposition to monitor their
changes. In general, if the growth is pseudomorphic, it is
expected that th&(V) curves would change, with increasing
surface coverage, with respect to those from the clean sur-
face, and would keep changing until the film becomes thick
enough to be considered semi-infinite, i.e., when the incom-
ing electrons no longer “see” the film-substrate interface °
[usually, this happens when the film is thicker than 6-8
atomic layers, and the resulting(V) curves are then
“stable”].

Thus, the experimental procedure consisted in making a
first deposition, determining theominalfilm thickness with
AES, checking the LEED pattern, and collectii(y/) spec-
tra. A second deposition was then made, and all steps re-
peated, etc. Eventually, the LEED pattern deteriorated to the
point of being unusable, at which point the sample was re-
cleaned to the bare substrate surface and the whole proces:
repeated.

The main difficulty encountered in this work was due to
the fact that the LEED background increased so rapidly with
surface coveragéindicative of rapid formation of defects
and disorder in the fillnthat there was only a very narrow
range of coverages for which the film was thick enough and
yet the LEED pattern still good enough fofV) measure-
ments to be carried out. Unfortunately, our control of the
deposition sourcéthe subliming V wir¢ was too coarse to
allow precise and reproducible coverages in the range de-
sired.

For example, when theominalthickness was 13 A, the
background in the LEED pattern was not too high and the
I (V) spectra were different from those of the cleadQoil}
surface, but further deposition obliterated the LEED pattern
(coverage too high With a nominalthickness of 19 A, the
I (V) curves were different from those of the clean substrate FiG. 2. Contour plots of the threR factors used in this work, as
and different from those measured with the 13-A film, butindicated on the right of each plésee text The abscissa is the
the next deposition turned out to be again too large. In totalchangeAd;, of the first interlayer spacind,, from its bulk value,
we repeated the growth experiments seven times, and wae ordinate is the bulk interlayer spacidg,.
found that when th@ominalfilm thickness was between 23
and 28 A, the measurablgV) spectra were reasonably
“stable.” But the background was very high, only the 10 the gverall accuracy of interlayer spacings is expected to be

and the 11 beams were measurafhe higher-index beams |oyer than the norm in surface and overlayer studies.
were only barely visible to the eye above the backgroutid

is estimated that the effective thickness of the V film was
about eight atomic layers at that point.

The high background introduced additional uncertainty in  The calculations of diffracted intensities were made with
the widths and positions of peaks in th@/) curves, so that the full-dynamical prograntHANGE (Ref. 12 including 57

VHT
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Ill. QLEED ANALYSIS



14 054 Y. TIAN, F. JONA, AND P. M. MARCUS PRB 58

beams and 6 phase shifts up to 400(&éts with eight phase T T
shifts up to 400 eV did not reveal significant differences | '
The Ni and V potentials needed for the corresponding phase
shifts were obtained from the collection of Moruzzi, Janak,
and Williams!® The real part of the inner potential was ini-
tially chosen at 10 eV(adjustable during the analysis—the
final value was % 3 eV), the imaginary part was 3 eV, and
the root-mean-square amplitude of thermal vibrations
((u?)¥2=0.11 A.

The calculations assumed that the V film was semi-
infinite with an in-plane lattice constant of 2.49 A imposed
by the pseudomorphism with the {801 substrate. The in-
terlayer spacingly, was varied initially from 1.76 to 2.56 A
in steps of 0.05 A, and later from 2.06 to 2.22 A in steps of
0.02 A, in each case varying the changd,, of the first
interlayer spacingd;, from —0.2 to +0.2 A in steps of
0.05 A.

The agreement between calculated and obseih{&t) [
spectra was gauged both visually and Ryfactor analysis : -
with threeR factors:Ryyr, 24 r23,° andRp .16 Contour plots o e N e g
for these thredR factors in thedbu|_k—Ad12 plane are depicted 40 80 120 160 200 240 280 320 360 400
in Fig. 2, where two observations can be mad®: the
minima occur atdy,,=2.15-2.16 A andAd;,=0 to —0.1 ENERGY (eV)

A, but (2) the minima are rather flat, perhaps as a conse- G, 3. Experimentalsolid) and theoreticaldashedl (V) spec-
quence of the poor accuracy in the experimental data. In facla, The N{0OZ 1 (V) spectra are presented to show their difference
the R-factor values do not change significantly in the rangefrom the corresponding(V) spectra of the Y001} film. Curves

of dy, between 2.16 and 2.21 A, ardd,, between—0.05  labeleda were calculated wittd,,,,=2.16 A, while curves labeled
and —0.10 A. The numbers are fat,,, =2.16 A andAd;, b were calculated witht, ;=2.21 A.

=—-0.05A, Ryyr=0.31,r,;=0.13, andRp=0.55; whereas
for dyy=2.21A and Ad;,=—0.10A, they areRyur
=0.33,r,;=0.14, andRp=0.55. In all cases, the error bars
are set at+0.04 A. Changes of thd,; spacing did not re-
duce theR factor significantly.

INTENSITY (arb. units)

only two I (V) spectra could be used in the analysis—which
is an inferior data base for quantitative surface-structure
ork.
The experimental results are plotted on tb&a-V/V,

Figure 3 depicts the 10 and 14V) curves from the clean plane in Fig. 1, the circle for thay,,=2.16 A value and the
Ni{001} surface, and the calculated and observed 10 and 13quare for thedy,y=2.21 A value, in both cases with error
I (V) curves for the Y001 film. The Ni curves are shown to bars of +0.04 A. Despite the large uncertainty about the
demonstrate the difference between them and those of the Rrecise values of/a andV/V,, it is clear that the experi-
film. The calculated (dotted curves are(a) for d,,  mMental points fall in the vicinity of the metastable bct state
=2.16 A andAd;,=—0.05A; (b) for dy,=2.21 A and Predicted by theory to occur afa=1.78. In addition the
Ad;,=—0.10 A. Although somewnhat different from each €rror line, due entirely to uncertainty ity points toward a

other, they are both reasonable fits to their experimentadlightly compressed state on the EBP. This state is in fact
counterparts. overlapped when the slightly less favoredralue is used.

Thus the growth of ultrathin films of vanadium on{B0L
has produced a strained form of a new metastable state of
vanadium metal.

Vanadium does grow pseudomorphically on{®01 to This result provides a good demonstration of the power of
thicknesses estimated to be about eight atomic layers, albditst-principles theory and of the usefulness of epitaxial Bain
with high densities of defects and disorder. The structure opaths in predicting the existence of metastable phases and in
the V films is bct, witha=2.49 A (dictated by the Ni sub- interpreting the bulk structure of pseudomorphic films deter-
strat¢ andc between 4.32 and 4.42 A. The large uncertaintymined, for example, by quantitative low-energy electron dif-
in the value of thec parameter is due to the poor quality of fraction. It would be highly desirable to have available epi-
the LEED pattern produced by the V film and by the fact thattaxial Bain paths for all metals in thed3 4d, and & series.

IV. CONCLUSIONS

1To discuss the structure of epitaxial flms we use the following formed from the equilibrium state and is maintained by applied
terminology. A crystalline material has a discrete set of phases. forces.
Each phase has one equilibrium state which is unstrained, henc@P. J. Craievich, M. Weinert, J. M. Sanchez, and R. E. Watson,
is maintained without applied forces. Each phase also has a con- Phys. Rev. Lett72, 3076(1994; P. J. Craievich, J. M. Sanchez,
tinuous region of strained states in which the structure is de- R. E. Watson, and M. Weinert, Phys. Rev5B, 787 (1997).
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