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New High-Pressure Phase Transition in Zirconium Metal
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Phase transitions in the group-IV transition metal zirconium were studied by the energy-dispersive x-
ray-diffraction technique with a synchrotron source to a pressure of 32 GPa. A first-order phase transi-
tion between an co phase and a bcc phase (isostructural with group-V transition elements) was observed
during compression and decompression in a pressure range of 30~ 2 Gpa, which is in qualitative agree-
ment with the recent first-principles theoretical predictions. The observation of the bcc phase in Zr (a
group-IV element) under pressure at room temperature signifies a pressure-induced electronic
configuration similar to that of a group-V element.

PACS numbers: 64.70.Kb, 61.10.—i, 62.50.+p, 64.30.+t

Crystal structures of elemental metals tend to have
certain sequences when viewed as functions of atomic
number or hydrostatic pressure. The most prominent ex-
ample of this phenomenon is the d transition metals,
where all three transition series, excluding the four mag-
netic 3d metals, show the canonical hcp bcc hcp

fcc sequence as their atomic numbers increase, or as
their d bands become progressively filled. ' It is be-
lieved that the d electrons play a critical role in deter-
mining the crystal structures of these transition metals.
Similar transition-metal structure sequences are expect-
ed to occur in individual transition metals with increas-
ing pressure since compression leads to an increase in d-
electron population by transfer of electrons from the s
band. ' This pressure-induced phase-transformation se-
quence has received extensive experimental as well as
theoretical attention. Calculations of the crystal struc-
tures using one-electron theory, based on electron
transfer from the s to the d band under compression, are
given in reviews by McMahan and Skriver.

The phenomenon of electron transfer from the s to the
d band under pressure is well known for transition met-
als. Physically, this phenomenon can be attributed to
the greater fraction of the atomic volume occupied by
the sp core in transition metals. The bottom of the s
band (8, ) rises faster than that of the d band (Bd) be-
cause the s-band electrons have a greater increase in ki-

netic energy than the d electrons since they are repelled

by the orthogonality eftect as they are more confined to
the core region under compression. This larger increase
in B, reduces the spacing between the s and d bands, and
causes the increase in occupancy of the d band. It is this
increase in d-band occupancy with pressure of the transi-
tion metals with a partially filled d band like Ti, Zr, and
Hf that makes the pressure eAects equivalent to alloying
with d-rich metals. Some model calculations ' show
that the pressure-induced electron transfer from the s
band to the d band is greater for the first several columns
of transition element series. Therefore, the transition
metals in the first several columns are expected to show

phase transitions at modest pressures, while ultrahigh

pressures greater than 200 GPa will likely be required
for the phase transitions of the metals near the middle of
the transition element series.

In this paper we present the first experimental evi-

dence for the pressure-induced structural phase transfor-
mation of a group-IV transition metal to the body-
centered-cubic structure of group-V transition metals.
The sample we used in this experiment is the group-IV
transition metal zirconium, which crystallizes in a hcp
structure (a phase) at ambient conditions, and is known

to transform to a bcc structure (P phase) above 1135 K
at atmospheric pressure. The Zr metal was first studied

by Bridgman, who found a resistance discontinuity at
5.9 GPa indicative of a first-order phase transition. Sub-
sequent x-ray-diA'raction experiments by Jamieson indi-
cated this transformation to be from hcp to a hexagonal
structure (co phase, three atoms per unit cell). Jayara-
man, Klement, and Kennedy' measured the slope of
various phase boundaries at high temperatures and high
pressure and located the triple point in the phase dia-
gram of Zr. The a-co phase transformation in Zr has
hysteresis associated with it and the equilibrium trans-
formation pressure is now believed to be 2.2 GPa. ""
The room-temperature x-ray-diff'raction data of the Zr
sample presented here show a new structural phase tran-
sition in a pressure range of 30~2 GPa from the co

phase to a P phase (the structure of group-V transition
metal niobium). This result is in qualitative agreement
with the theoretical estimation of Gyanchandani et al. ,

'

based on the linear-muffin-tin-orbital (LMTO) method,
though the theoretical transition pressure of 15 GPa is

lower than the experimental value.
The energy-dispersive x-ray-diff'raction (EDXD) data

were collected at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory and at the
Cornell High Energy Synchrotron Source (CHESS).
Details of the experimental apparatus and techniques
can be found in Refs. 14 and 15. We used a high-
pressure cell with diamond-anvil tips 640 pm in diame-
ter. Several pieces of Zr foil 25 pm thick with a purity
of 99.996% were placed in a sample region 150 pm in di-
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ameter. Two diAerent experiments were done on Zr
metal. The first one employed gold as an internal pres-
sure marker while the second experiment was done with

only Zr in the sample hole along with a pressure-
transmitting medium (4:1 ethanol:methanol) to avoid the
interference due to the marker material. The sample
pressure in the first experiment was determined by the
x-ray diff'raction of gold power spread over the sample
region, and the isothermal equation of state of gold is

given by Jamieson, Fritz, and Manghnani. ' In the
second experiment pressures were estimated from the
measured equation of state of Zr from the first experi-
ment.

The Zr sample was preloaded to a pressure of about 7
GPa and x-ray-diff'raction data at this pressure showed
that the sample was in the m phase, which is in agree-
ment with previous high-pressure studies. ' It is

known that a body-centered-cubic structure (p phase) is

obtained by the splitting of the alternating (001) plane
along the c axis of a ru structure into two (111)planes of
the P phase. Therefore, the x-ray-diffraction spectrum of
the ro phase contains all the diffraction lines of the P

phase and some additional diffraction lines resulting
from its superlattice structure. The energy-dispersive x-
ray-diff'r action spectra of Zr during the compression
and decompression cycles are shown in Fig. 1. The
diffraction patterns are excellent and fourteen diA'raction

peaks were observed in the cu phase [Fig. 1(a)] at 31.1

GPa before the transformation. On further compression,
seven diAraction peaks disappeared abruptly and a pure
bcc phase was formed at 31.6 Gpa [Fig. 1(b)]. On
decompression, the seven superlattice reflections reap-
peared abruptly and a back transformation was complet-
ed at 31.0 GPa [Fig. 1(c)]. Although this second experi-
ment shows a sharp transformation at 31 GPa, in our
first experiment with the pressure marker Au and under
nonhydrostatic pressure conditions with no pressure
medium, the transformation onset was seen at a pressure
of 28 GPa. Combining all the experimental uncertain-
ties and hysteresis we give the equilibrium transforma-
tion pressure as 30+ 2 GPa. This is an unusually clear
illustration of a transformation from a low-symmetry
crystal structure to a high-symmetry parent structure at
high pressure. The Zr sample remains in the bcc (p)
structure to at least 32 GPa, the upper pressure limit of
the experiments.

The c/a ratio of Zr in different phases is shown in Fig.
2. The c/a ratio for the co phase of Zr is 0.625 ~0.002,
and was found to be pressure independent within the ex-
perimental errors. It is interesting to point out that this
value is slightly higher than the ideal c/a ratio 0.612 of
the co phase.

From the x-ray-dif raction spectra, the reduced
volume V/Vo of Zr versus pressure was calculated, and is
shown in Fig. 3. The low-pressure data of the a and m

phases up to about 10 GPa are from results of Olinger
and Jamieson. '' The data were fitted by a Birch first-
order equation of state '

P= —', 8o(x' ' —x' ')[1+ —,
' (8' —4)(x ' —1)], (1)

where x = V~/V, V is the volume per Zr atom, V~ is a
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FIG. 1. Energy-dispersive x-ray-diffraction spectra of the Zr
sample at various pressures and room temperature. (a)
phase during compression at 31.1 GPa (Ed=44. 242 ~0.009
keV A). (b) bcc phase during compression at 31.6 GPa
(Ed=44.448~0.006 keVA). (c) Reversal of transformation
during decompression (Ed =44.425 ~ 0.006 keV A). The sym-

bols e are escape peaks of the Ge detector. The spectra were
collected at the B1 station at CHESS and the typical data col-
lection time for each spectrum is 15 min.
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FIG. 2. The measured axial ratio of Zr for a (hcp), co (co

hexagonal), and P (bcc) phases. 0 and & are from our present
experiment; & and 0 are from Ref. 11.
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FIG. 3. The measured equation of state of Zr for the three
phases a (hcp), cu (co hexagonal), and P (bcc). The solid
curves are the fit of the Birch first-order equation of state to
the data (see text for details). 0 and & are from our present
experiment; & and 0 are from Ref. 11.

fitting parameter which corresponds to the extrapolated
volume per atom of the phase under consideration at
zero pressure, Bo is the isothermal bulk modulus at zero
pressure, and Bo is the pressure derivative of the iso-
thermal bulk modulus evaluated at zero pressure.

The fits to the various phases of Zr to the Birch first-
order equation are shown by solid curves in Fig. 3. We
fixed V~ for the cu phase from the results of the previous
experiment, '' V~/Vo=0. 987. The calculated coefficients
of the Birch first-order equation for the co phase are
B0=104 GPa, and Bo =2.05. We estimate a volume de-
crease of about 1.6% at the ro-to-p phase transformation
from the extrapolation of the Birch first-order equations
of state of both structures to the transition pressure of 30
GPa.

According to the compilation of equilibrium phase dia-
grams' of the group-IV transition metals, the p phase is
a high-temperature phase with positive slope dT/dP of
the boundary of the ro to p phase (6'C/GPa as mea-
sured by Jayaraman, Klement, and Kennedy' ). The
discovery of the transformation from the co to P phase at
room temperature and high pressure indicates that the
high-temperature phase can also be obtained purely by
an application of pressure, which has important implica-
tions for the phase diagram of Zr. There are two distinct
possibilities for the phase diagram. One of them is that
the high-pressure and high-temperature stability fields of
the bcc (P) phase are connected, which implies a nega-
tive slope dT/dP of the co-P phase boundary at room
temperature and high pressure. The other possibility is

that the two stability fields of the P phase are two dis-
tinct regions separated by the ~ phase, which would
mean that there is another triple point at high pressure
and high temperature. High-pressure, high-temperature
x-ray-diffraction studies are needed to establish the com-
plete phase diagram. It is we11 known that a large num-

ber of metallic elements transform to the bcc structure at
high temperature at atmospheric pressure before melt-
ing. This is believed to be due to the more open struc-
ture (higher vibrational entropy) associated with the bcc
phase. ' However, the formation of the bcc phase in the
group-IV transition metal Zr during cold compression is

purely an electronic effect and signifies a pressure-
induced electronic configuration similar to that of
group-V elements.

This discovery of the bcc phase of Zr under pressure
gives the first experimental evidence of a pressure-
induced structure sequence in transition metals and,
from a crystal-structure point of view, the first experi-
mental evidence of a phase transformation from a
group-IV transition metal to a group-V transition metal.
Furthermore, it confirms the one-electron theory about
the crystal structures of transition metals based on the
idea of electron transfer from the s band to the d band
under compression. We also suggest that the phase tran-
sition seen in shock waves in Zr at 26 GPa and 540 K
may be due to the ro-to-p phase transition (assuming a
negative slope of the co-p phase boundary) as the pres-
sure is close to our result of 30~2 GPa. We expect a
similar pressure-induced transformation in the other
group-IV transition metals Ti and Hf. We also expect
that, with the current multimegabar pressure capability
of diamond-anvil cells, pressure-induced structure se-

quences can be experimentally studied for the transition
metals near the rniddle of the transition element series.
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