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Metastable tetragonal states of zirconium: Theory and experiment
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The epitaxial Bain path of tetragonal zirconium has been calculated with the full-potential linearized-
augmented-plane-wave method within both the nonrelativistic local-density approxintafigh) and the
relativistic generalized-gradient approximati6@GA). Both procedures yield three energy minima, corre-
sponding to three tetragonal phases with different axial ratias For the LDA the three phases are face-
centered cubi¢fcc), body-centered cubigcc), and body-centered tetragorfakt); all three are metastable, as
determined by calculations of the corresponding elastic constants. For the GGA the three phases are fcc and
two bct (the bcc phase is at a maximum and unstablexperiments were carried out with the goal of
stabilizing the fcc phase by pseudomorphic epitaxy of zirconium films ¢d04& surface of tungsten. The
structure of the zirconium films was determined by quantitative low-energy electron diffraction and found to be
strained fcc, strained by the pseudomorphism. Agreements and disagreements with published results of other
workers are discussed.
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I. INTRODUCTION not uncommon, e.g., Ti/AD01} (Ref. 4 and Mg/W001}°
but requires constraining the growing film on a suitable sub-
The ground state of Zr at room temperature and atmostrate in pseudomorphic growth in which the film unit mesh
spheric pressure is hexagonal close paclezp, and be- is strained to the substrate unit mesh. What is surprising
comes body-centered culfioco) at temperatures higher than about the CRD results mentioned above is that the fcc modi-
about 1133 K However, two partially contradictory fication of Zr, which does not appear in the phase diagram at
report$ describe the growth of a face-centered-cutiic)  any temperature, can be formed without constraiins, not
phase of Zr in the form of relatively thick films. Chopra, pseudomorphicallyon substrates with different unit meshes
Randlett, and DUﬁ:(CRD) used transmission and reflection and even on amorphous Substratesy and persists in rather
electron diffraction, as well as x rays, to study Zr films sput-thjck films up to very high temperatures.
tered or evaporated on different substrates. The experiments 1, clarify the energetics of all possible tetragonal phases

were done in a relatively poor(by today's standards ot 7 metal we have calculated the corresponding epitaxial

6 -y
Va%%%mNOf. 10DT0” .‘?nd at rather fast deposmor;) rates gain path(EBP), and we report here the results. The EBP, we
(~ min. Deposition on room-temperature substrate ecall, is a unigue path that goes through all epitaxially

reportedly produced amorphous films and deposition agtrained states, which includes all tetragonal energy minima.

200°C-400°C produced fcc Zr, which was found to beThe energy minima are the states that can be tetragonal meta-
present even in films as thick agu2n, although thicker films 9y . . g
able phases of any given crysta.convenient form of the

had mixtures of fcc and hcp Zr. The fcc phase was formed O%t ) :
all three types of substrates used: glass, mica, and rocksaltoF 1S @ plot of the total energy per atom versus the @0
The lattice constant of the conventional cell of fcc zr was©! the tetragonal lattice parameteesfor the square base and
determined to bea,=4.61A, the corresponding body- ¢ for the height of the two-atom bet cgllThe minima of
centered-tetragonalbct) unit cell would therefore have a €nergy identify equilibrium states, which may be stable,
primitive square base with sides=4.61+2=3.26 A. metastable, or unstable, depending on whether the corre-
A later paper by Hillet al® describes the growth of zr sponding elastic constants satisfy the stability conditfolrs.
films evaporated on a Y901} substrate in ultrahigh vacuum standard model of the EBP has two minima and a maximum
and studied by both reflection high-energy electron diffrac-of energy between them; the minima correspond either to
tion and low-energy electron diffractia.EED), but not by = dominant bindingbetween(001) planes(small c/a) or to
LEED intensity analysis. In contrast to CRD, deposition ofdominant bindingwithin (001) planes(large c/a). At both
Zr on a 300-K substrate produced crystalline films, whichsmall and large/a the energy increases rapidly, since atoms
were and remained® 1 with a=3.16 A up to thicknesses begin to overlap, hence the energy must have at least one
of 50 atomic layers, and even after anneals to 1300 K. Theninimum.
authors added that “deposits between 10 and 50 monolayers We show below that the EBP of tetragonal Zr does not
annealed to 1300-1800 K" formed islands that grewconform to the standard model in that it htsee energy
“smoothly out of the 1X 1 layer” 3 and were found to be fcc minima, separated by energy maxima. We find that the bcc
with ag=4.63 A, i.e.,a=3.27 A, in agreement with CRD. phase of Zr is stable in one mode of calculatidacal-
The fcc islands were stable up to 1800 K, in contrast todensity approximation(LDA)] and unstable in another
CRD, who found that above 700 K the structure reverted tggeneralized-gradient approximatioci@GA)] (see belowy,
hcp Zr. while the fcc phase is metastable in both modes. We also
Stabilization of metastable fcc phases of hcp crystals idiave done, and describe below, experiments aimed at stabi-
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lizing fcc Zr by pseudomorphic epitaxy on a{@01 sub- 9
strate.

The organization of this report is as follows. Section Il
presents details of the calculations of the EBP and of elastic 8

constants of three phases, and Sec. Ill summarizes the re-

sults. Section IV describes the experiments and the intensity %
analysis. Section V presents a discussion of the results. a7r
(&)
Il. CALCULATIONS 6F
The procedures for the calculation of EBP’s have been

described elsewherethey require a total-energy electronic- 5
structure computer program. We used thiENng7 program,
which applies the full-potential linearized-augmented-plane 3r

wave to calculations of total energies for a variety of crystal
structures and space grouiiBhe program allows a choice of

nonrelativistic(NREL) or relativistic(RELA) calculations in 3 oL
either the LDA or the GGA. The program was implemented E
and executed on a LINUX-based desktop personal computer. o
The calculations for the EBP were done with both the u

NREL-LDA and the RELA-GGA formulations. In both cases
a large plane-wave cutoff ®K,,,=9 was usedresulting in
500 to 550 plane wav@sas well as &-point sampling of
12 000 points in the full Brillouin zone, corresponding to 800 0
to 1500k points in the irreducible wedge of the Brillouin
zone; a criterion of X 10 ® Ry was used for energy conver-
gence.

The determination of the elastic constants of tetragonal
states, which requires calculations of the total energy of ap-
propriately strained modifications of those states, was done
only with the NREL-LDA. The procedures followed for the
calculation of elastic constants are described in detail
elsewheré.

1.05f

VIVO

IIl. RESULTS 0.93%

Figure 1 depicts three forms of the EBP of bct Zr as o ) o
calculated with both NREL-LDA(solid lineg and RELA- FIG. 1. Epitaxial Bain pa@h of tgtragoqal zirconium. Top: tetrag-
GGA (dashed lines The upper panel is a plot of the lattice onal c parameter versus axial ratma. Middle: Total energy per
constantc versus the axial ratia/a; this plot is useful for atomE referred to the energk, of the lowest-energy state versus

. : : c/a. Bottom: Relative volumé&//V, (Vy=volume per atom of the
fmql_lﬂg m%é?glgznpjr?& ?Atlirtshgf ﬁgrﬁgﬁggga;ee%f:lgato n(%alculated fce unit cell The filled circle and square mark the posi-
E_E~ (E- is th llest found the tet It!ons of the Iowes_t-energy states for th_e LDA and GG_A, respec-

o (Eo is _e smalles e”erQY ound on the te ragonatlvely. The open circle marks the experimental result discussed in
EBP) as a function ot/a. We note(i) there are three energy Secs. IV and V.

minima for both NREL-LDA and RELA-GGA, which, as
mentioned above, is a deviation from the standard EBP The bottom panel of Fig. 1 depicts the normalized volume
model.(ii) Both the LDA and the GGA agree on producing a V/V, along the EBP Y, is the volume per atom of the
local energy minimum at/a~v2, which corresponds to an lowest-energy tetragonal phas&his plot is useful for the
fcc phase, but do not agree on the other two minima. Atassignment of experimentally determined phases, as is dis-
c/a=1, which denotes a bcc phase, the LDA has a locatussed below.
minimum, but the GGA has a locataximum hence, for the The elastic constants have been calculated for the three
GGA, bcc Zr is unstable(iii) The LDA calculation finds phases corresponding to energy minima in the NREL-LDA
another energy minimum at/a=0.795, while the GGA calculation: fcc, bcc, and bct. The results are listed in Table 1.
finds two additional energy minima, one @ta=0.807 and For all three phases the shear modulis=(c,;—c45)/2 and
another atc/a=0.854.(iv) For the GGA the fcc phase has the shear constam,, are found to be positive. In addition
the lowest-energy minimum, while for the LDA it has the the shear constamtgg of the bct phase is also found to be
highest. For each phase, the lattice parameters, the axial rpesitive. These results indicate that all three phases are meta-
tio, the volume per atom, and the corresponding total energgtable in the LDA. We have not calculated the elastic con-
per atom are given in Table I. stants, and hence have not tested the stability of the three
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TABLE I. Lattice parameters and elastic constants of fcc and bch Zndc are the parameters of the bct unit cell, in A unitsis the
volume per atom, in A E is the total energy per atom ar#l" is the reduced energy per atom, in R (= E+7074 for the LDA and
E*=E+7198 for the GGA: cj; are elastic constants, in MI&'=(c,;—C;,)/2 is the shear modulus, in Mb.

fcc Zr bcc Zr bct Zr bct Zr
LDA GGA LDA GGA LDA GGA LDA GGA

a 3.121 3.216 3.469 3.580 3.730 3.856 3.774

c 4.405 4.529 3.470 3.568 2.967 3.111 3.224
c/a 1.411 1.408 1.000 0.997 0.795 0.807 0.854
\ 21.45 23.42 20.87 22.86 20.64 23.13 22.96
E* —0.044 405 —0.432 660 —0.045 457 —0.429 445 —0.047 066 —0.430 658 —0.431 165
Cyy 1.109 1.087 1.303

C1o 0.612 0.854 0.868

C’ 0.247 0.233 0.434

Cus 0.46F 0.106 0.393

Ces 0.461 0.106 0.203

&Thecy, constant of fcc crystals can be calculated in two wyisich do not give quite the same results, probably due to limited calculation
accuracy. ciy =c}, andcld=c},—cjs+Cls, wherec]; are the elastic constants of the bct cell of the fcc lattice, i.e., the elastic constants

in tetragonal axe¢Ref. 7). Herecly =0.461 andc),’=0.514.

phases found on the GGA EBP. around=50%. In the initial stages the W substrate was not
heated during deposition of Zr; in later stages the substrate
was heated to about 200 °C.
IV. LEED EXPERIMENTS AND INTENSITY ANALYSIS The experiments involved repetitions of the following se-
A. Experiments guencei(i) small deposition of Zr{ii) AES scan to estimate
the surface coveragéiji) LEED observation of the geometry
'and quality of the patterr(jv) collection of intensity-versus-
averaged between LDA_and GGA resultiee Table )| are voltage[1 (V)] curves. This sequence was repeated as long
a:3.17 andc=4.47 A, in reasonable agreement W'th3 the as the LEED pattern from the Zr film was visible and the
experimental data reported by CRRef. 2 and Hill et al: I(%V) curves were measurable over the background, then the
|

Our calculations indicate that this phase is metastable, henq m was sputtered away, the W substrate recleaned, and the
it is a good candidate for stabilization by pseudomorphic equence started again ' '

epitaxy on a suitable substrate. We have done experiments {o After all depositions the LEED pattern remainec 1

achieve such a stabilization. : . .
. . . and geometrically identical to the pattern of cleadO0/},

A swtable_ substrate for these experiments is _éOW} showing that the growing Zr film was pseudomorphic. But
s_urface,z E\VhLCh has . ﬁ squ_arfg r}(aw IIS beg  with g the background increased with increasing film thickness, and
t:a Iielde‘z Iagelzrt‘%? V\Lljl:e tﬁnmgela Ogrgys?ﬁ?r?%wvi\tlﬁ (;)ne_ the I(V) spectra changed until the Zr film reached about

P P gstenx®x0. ) 15-to 20-A thickness, after which the spectra became stable

\r?vajor surtfaé:?hon?n:eld tparallel ‘{@0.]} W':h:n ﬁbogt 0.5°. indicating that the incident electrons did not reach the film-
¢ mounted the piatelet in an experimental Chamber pUMPEg, 4 ate interfageOne series of(V) curves were collected

by a 500-lisec sput.t.er-lon pump and provided with I‘EEDfrom a Zr film grown on the unheated substrate, a second
optics and an additional electron gun for Auger-electron

. series from a Zr film grown on the unheated substrate and
SPeCtroSCOpyAES). T.he WooT} surfage was C,Igamd with then annealed at 200 °C for 30 min, and a third series from a
sequences of argon-ion bombardmefits5x 10™> Torr of

. ; " fil h h 200°C. Th
Ar gas, with 200-eV ions and current densities of about r film grown on the substrate heated to about 200°C. The

Alem?) foll db ling treat icallv 30 mi (V) curves in the second and third series were practically
Mt (t:)m t102 (())(\)N"eE Tr)]/ anr][ea Itng r?a me(;‘(@/péca\yv T'n identical to one another, and both were different from those
at abou ese treatments produced a W surtace on, e first series. The curves used in the analyses described
which AES revealed no impurities above the noise, an

elow stemmed from Zr films with thickness estimated to be
LEED showed a sharp-spob_q_‘L low-background pattern. __about 40 A(the W signal was no longer visible in AES
The source for Zr deposition was a 99.8%-pure Zr W'rescan$

which was heated by electric current, usually to temperatures
around 1500 °C. Deposition rates were kept slow, the depo-
sition times varying between 10 and 30 min, corresponding
to rates between 0.05 and 0.2 A/min. Film thickness was Films thick enough to produce stabl¢V) curves were
estimated from the ratio of AES lines: Zr at 147 eV to W at considered semi-infinite for the purpose of LEED intensity
169 eV, but for thicker filmgabout 40 A the W AES lines analysis. The calculations of diffracted intensities were done
were too small to be measured reliably. In any case, thevith the CHANGE computer program written by Jepseim-
accuracy of film-thickness determination was poor, probablycluding 69 beams and 5 phase shifts up to 360 eV. The Zr

The calculated lattice constants of the bct cell of fcc Zr

B. Intensity analysis
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potential was obtained from the collection of Moruzzi, " ZW(001} 6=0°
Janak, and William&® The real part of the inner potential — expt.
was initially set at 10 eV and was adjustable during the i ---theo.
analysis; the imaginary part was 4 eV and the root-mean- 10 W
square amplitude of thermal vibrations wagud))*? [ A\, A )
=0.1328 A. -
The in-plane lattice constant of the Zr film was set equal = /\/\M\/
to that of 001}, a=3.1652 A, as required by the pseudo- : |19 "
morphism. The calculations were done for many values of 3 N SN N
the bulk interlayer spacindp,,: from 1.20 to 2.70 A, ini- = ALY
tially in steps of 0.1 A, and later in steps of 0.05 and even g 'l\\/\/\/\/\,
0.01 A, in each case varying tithangein the first interlayer £t 20 ”‘. . A ]
spacingAd;, from —0.5 to +0.5 A in steps of 0.05 A. The A N AN
[(V) curves calculated for eadf,,, value were compared R
with the experimental curves both visually and by calcula- /T\/M
tion of the Zanazzi-Jon&ZJ) R factor r,;.** For the best F 2 I\ X25 A
parameters thus found we then tested possible chakdes r,' VAT . Ry
in the second interlayer spacing. 80 160 240 - 320
We first considered the(V) curves of the Zr films grown Energy (eV)

on the unheated substrate. We were unable to find a suitable
theoretical match within the range af,,, values listed
above. Several attempts at testing the possibility of Zr-W o
Zr-C mixtures(in some cases, expecially after long exposure
times, a C signal was detectable in AES sgaalso failed. ume per atom i8/=ca?/2=23.54+0.51 A3. For the refer-
We have no explanation for these failures: the growth wagnce volume/, we take the experimental volume of the hcp
certainly pseudomorphic, hence thg@arameter was known, ground state of Zr, namely,=23.27 A%, whenceV/V,
but no interlayer spacings were found that would fit the ex-=1.012+0.022. We then enter the point with tléa and
perimental data. V/V, values just found in Fig. 2, bottorfopen circle. The
However, the (V) curves of Zr films grown on the heated experimental point is clearly close to the calculated fcc point
substrate, or deposited on the unheated substrate and then either the LDA or the GGA curve, from which we con-
annealed to about 200 °C, could be fitted by calculations, butlude that the Zr film grown or annealed at 200°C has a

the high background in the LEED pattern complicated thestructure strainedby the pseudomorphisimirom the fcc
R-factor analysis considerably, thus producing rather largghase.
error bars. The best agreement between calculated and ob- This result confirms the existence of a metastable fcc
servedI (V) curves was found for the following parameters phase of Zr, and is in this respect in agreement with the
(lengths in A: results of CRD(Ref. 2 and of Hill et al3 But the details are
discordant. CRD found that deposits on room-temperature
dpuy=2.35-0.05, Ady,=—0.17+0.05, substrates were amorphous, whereas (aed Hill et al)
found them to be crystalline with aX11 net. Moreover, it is
Adgs=—0.050.06, rz=0.19. not clear why CRD )c/ould grow very thick films of fcc Zr on
Both calculated and observedV) curves are depicted in substrates which apparently did not favor pseudomorphism,
Fig. 2. namely, mica(monoclinic with a=5.20, b=9.03, andc
=20.11 A andB=95.78 °), rocksalt§=5.6 A), and glass
V. DISCUSSION (amorphous In all three cases the fcc phase was apparently
not constrained, yet it grew very thick and did not collapse to
Although the fit to experiment of the calculatédV) hcp even at high temperatures and in relatively poor
curves is only mediocrésubtraction of the high background vacuum—a surprising behavior for metastable phase. In
is a difficult task to carry out accuratglythe R factor was  our experiments the fcc phasgas constrained and was
clearly a minimum for the curves depicted in Fig. 2. It is therefore expected to stabilize at least for some thickness in a
therefore appropriate to conclude that the parameters listestrained form. However, it is surprising that with a misfit of
above describe well, within the error bars, the Zr film underonly 0.15%, which would give small strains, the growing Zr
scrutiny. It is clear that the film is strained from some phasefilm had obviously many defectshown by the high LEED
that is forced to assume the in-plane lattice constant of theackgrounal
substrate surface. The question is, what is the phase? The comparison with the work of Hikt al2 is also not
To answer the question we enter the experimental resulvholly satisfactory. These authors used a W substrate, as we
onto the graph depicting the normalized voluny&/, versus  did, and observetivo 1 X 1 structures with different in-plane
c/a along the EBRFig. 1, bottom panel From the param- parameters, one after thick depositions, which persisted sta-
eters listed above we calculate=dy,, X 2=4.70+0.10 A,  bly even after anneals to 1300°C, and another when “is-
hence witha=3.1652 A we gett/a=1.48+0.04. The vol- lands” grew “smoothly out of the X 1 layer,” the latter then

FIG. 2. Experimental(solid and theoretical(dashed I(V)
gurves from a Zr film grown pseudomorphically on{®@1}.
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was identified to be fcc Zr. We also observed twe 1L struc-  than both(unstablé bcc and bct Zr for the GGA(iv) since
tures, but with thesamein-plane lattice constant, one after bcc Zr is observed at all pressures above 1133 K, it is plau-
deposition on the unheated substrate, and another after depsible that bcc Zr is metastable pt=0 andT=0 K. Hence
sition on the substrate heated to 200 °C, the latter identifieghe LDA calculation, which finds bce Zr to be stable, agrees
as strained fcc. The former converted to fcc when annealegetter with experiment than the GGA, which finds bcc Zr
to 200 °C. unstable ap=0 andT=0 K. In any case, for the fcc phase
These discrepancies remain unexplained. We can onhhis work has confirmed that the EBP is very useful both in
conclude that the agreement between our findings and th0$ﬁe process Oﬁnding metastable phases as We”(m asso-
of CRD and Hillet al.is limited to the fact that fcc Zr can be ciation with quantitative LEED”’] the process of establish-

grown epitaxially in the form of thin films. ing whether that phasér any other has been grown in
Our calculations of the EBP have also produced somepitaxial experiments.

surprises, namelyi) we found an EBP withithree energy
minima, with both the LDA and GGA(ii) we established
that fcc, bce, and bet Zr are all metastable for the LDA, but
that bce Zr is unstable for the GGAiji ) we found that the
relative magnitudes of the energy minima are different for We gratefully acknowledge partial support of this work by
the LDA and GGA: bct Zr has lower energy than both bccthe National Science Foundation with Grant No.
and fcc Zr for the LDA, whereas fcc Zr has lower energy DMR0089274.
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