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Different Results for the Equilibrium Phases of Cerium above 5 GPa
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The phases of cerium above 5 GPa have been studied using angle-dispersive powder diffra
techniques. The phase obtained between 5 and 12 GPa at room temperature with filings of Ce
monoclinic, distorted-fcc structure with four atoms in aC-face-centered unit cell. Heating to 373 K
for many hours yields the knowna-U phase. With a single cut piece as a sample, thea-U phase is
obtained at room temperature. [S0031-9007(97)03138-4]

PACS numbers: 61.50.Ks, 62.50.+p
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The richly varying behavior of cerium under differen
pressure and temperature conditions signals a su
balanced electronic structure that makes it a key to
understanding of other lanthanide and actinide eleme
[1–5]. A particularly extensive literature has bee
generated by the unique phenomenon of the isostructu
g-Cesfccd ! a-Cesfccd transition, accompanied by a
large volume collapse at 0.7 GPa at room temperatu
but terminating in a solid-solid critical point at 550 K
[1]. Despite much effort, the precise mechanism of th
transition has long remained uncertain [1]. Recent the
retical work argues for a Mott transition model, in whic
4f electron delocalization ina-Ce is a central factor
[4,5], and this view ofa-Ce as a4f metal also accounts
for the higher pressure behavior [3,4]. However, th
phase to whicha-Ce transforms at 5 GPa was already
well-established subject of dispute in 1977 [2], had b
come “one of the most controversial subjects concern
high-pressure phases” a decade later [6], and still rema
contested and unresolved up to the present time [7–
One body of literature claims thata-Ce transforms to the
a-U structure, and the theoretical studies have taken t
to be the case [3,4]. But another body of work conclud
with equal certainty that the transition is to a differen
monoclinic distorted-fcc structure. Remarkably littl
effort has been made to confront this oddly reproducib
contradiction at the heart of a key system. There is
consensus that both forms transform to a body-cente
tetragonal (bct) structure above 12 GPa [10].

In this Letter, we show that the true structure of th
monoclinic form has four atoms in a unit cell withC-face-
centeredC2ym symmetry [11]—a superstructure of th
previously accepted body-centeredI2ym structure with
two atoms per cell [1,12]. We report the first accura
determination of the variable coordinate in thea-U
structure. And we demonstrate that the conflicting resu
obtained for the phases above 5 GPa arise from differ
methods of sample preparation.

The existing nomenclature for cerium is itself rathe
confused and confusing. The transition at 5 GPa h
generally been denoteda ! a0 [1]. The a0 phase is
then eithera-U or the monoclinic form, and the latter
0031-9007y97y78(20)y3884(4)$10.00
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is usually labeleda00 [12,13]. In addition, there have
been thought to be two different monoclinic forms,a00-
Ce(I) anda00-Ce(II) [11]. Since we conclude that the
are identical, the transitions at room temperature simp
to fcc ! fcc0 ! C2ym or a-U ! bct. We will use these
specific structural identifiers, except where it is necess
to revert toa0, a00, etc., in referring to previous work.

Powder diffraction data were collected on station 9.1
SRS, Daresbury, using angle-dispersive techniques, w
an image-plate detector and an incident wavelength
0.4447(1) Å [14]. We used Ce from two different ingots o
99.9% and 99.99% purity obtained from Rare Earth Pro
ucts Ltd, UK; the higher purity sample was double vacuu
remelted. Filings from these ingots were prepared a
loaded into diamond-anvil cells under dry argon gas wi
out any pressure medium, to minimize oxide and hydri
phases. (In fact, test experiments with a methanol-etha
medium showed no significantly different behavior.) Th
sample pressure was measured by the ruby fluoresce
technique. Structural results were obtained by full Rie
veld refinement using the programMPROF[15].

The onset of the transition from the fcc0 phase was
first observed at 5.5(2) GPa. Figure 1 shows the po
der pattern obtained at 8.3 GPa after complete trans
mation. The strong reflections are consistent with t
body-centered monoclinicI2ym structure first proposed
by Ellinger and Zachariasen [12]. However, there a
17 detectable weak reflections that are not accounted
13 are strong enough to see in Fig. 1, as number
[Number “6” is not visible in the main profile, but can
be seen in inset (b)]. Lines 1, 7, 12, and 13 are the fo
extra, superlattice reflections reported by Endoet al. [10],
which Zachariasen [11] showed could be explained
the largerC2ym unit cell. Figure 1 shows the fit ob-
tained with theC2ym structure, which accounts for al
17 of the detectable superlattice reflections. The refin
lattice parameters area ­ 5.813s2d Å, b ­ 3.145s1d Å,
c ­ 5.612s2d Å, and b ­ 113.10s2d±; the freely refined
coordinates of Ce in the4sid positions ofC2ym [11] are
sss0.2800s5d, 0, 0.2516s6dddd. This structure would beI2ym
if the coordinates weres 1

4 , 0, 1
4 d. Constrained refinements

show thatz probably does not differ significantly from14 .
© 1997 The American Physical Society
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FIG. 1. Rietveld fit to an integrated profile from theC2ym
phase of Ce at 8.3 GPa. The tick marks show all the reflecti
allowed by the space group symmetry. The difference betw
the observed and calculated profiles is shown below the
marks. The labeling of features in the profile is explained
the text. The inset shows profiles obtained by integrating t
sectors,90± apart around the powder rings, in another 2D ima
exhibiting pronounced preferred orientation effects. Reflectio
are indexed on theC2ym unit cell in (a).

We have taken more than ten different filed samp
through the 5.5 GPa transition, and in every case obse
only the C2ym phase—whether the sample was fro
the 99.9% or 99.99% pure ingot, and whether or no
methanol-ethanol pressure medium was used. No
dence of thea-U phase has been observed in any of the
samples at room temperature. Five of the samples w
taken above 12 GPa into the bct phase. On pressure
crease, they all returned to theC2ym structure, again with
no evidence ofa-U.

However, 2D images recorded at room temperature a
heating at 373 K for several hours in the range 6–8 G
showed a mixture of smoothC2ym powder rings and a few
very intense spots at2u values expected fora-U. A single-
phasea-U pattern with a much larger number of small
spots was obtained (at room temperature) when a mi
C2ym-bct sample at 12 GPa was heated at 373 K
27 hours—after which the pressure on return to room te
perature had fallen to 7.5 GPa. The integrated profile
this pattern is shown in Fig. 2, together with a Rietveld
The refined lattice parameters area ­ 3.0143s2d Å, b ­
5.8935s3d Å, andc ­ 5.1603s3d Å, in agreement with pre-
vious work [8,12]. The refined value of the single var
able coordinate,y, for Ce in the4scd positions ofCmcmis
0.1014(2). This has not previously been determined,
differs significantly from the value of 0.1125 obtained
the most recent computational study [4].

All our patterns showed traces of two other phas
The weak low-angle peak labeled “H” in Figs. 1 and 2 is
the strongest line from CeH2. This line was reported bu
not identified by Olsenet al. [7]—at d , 3.1 Å in their
Fig. 2. It can also be seen on the low-angle side of thea-U
(020) peak in Guet al.’s [8] pattern at 8 GPa, and per
sisting at 19 GPa (their Fig. 2). Asterisks in Fig. 1 ma
some weak extra peaks—the lowest-angle one alm
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FIG. 2. Rietveld fit to an integrated profile from thea-U
phase of Ce at 7.5 GPa. Reflection tick marks and a differe
profile are shown as in Fig. 1. Some principal reflectio
are indexed on thea-U unit cell. The inset shows thea-U
structure, with hcp-like planes indicated.

exactly coincides with superlattice reflection 1 ofC2ym.
These can be fitted to a fcc structure, with an extrapola
ambient-pressure lattice parameter close to that repo
previously for a phase apparently intermediate betwe
the fcc and fcc0 phases [16]. Reflections from this ten
tatively identified “int-fcc” phase have been seen befo
under pressure. Olsenet al. [7] report a line at,2.9 Å
which could bes201̄d from C2ym (peak 1 in Fig. 1). How-
ever, indexing it as (111) of the int-fcc phase would expla
why the,2.9 Å line continues well beyond the pressur
range ofC2ym in Ref. [7]. This interpretation is supporte
by the fact that the authors also detected (but could
identify) the (200) reflection of int-fcc at,2.5 Å. In Gu
et al. [8], a ,2.9 Å line can be seen just to the high-ang
side of thea-U (020) peak at 8 GPa. Since its height rel
tive to the CeH2 line remains the same in their 19 GPa pa
tern, it is again mostly or all attributable to int-fcc rathe
thanC2ym, in keeping with Guet al.’s [8] finding that their
sample contains very little monoclinic phase at 8 GPa [1

When Zachariasen [11] first identified theC2ym phase
from the data of Endoet al. [10], he interpreted it as
an additional phase. But the conclusion that there
two distinct monoclinic forms seems improbable. As di
cussed in some detail by Zachariasen and Ellinger (Z
patterns from the monoclinic phase are strongly affec
by preferred orientation [13]. We also observe this. T
inset to Fig. 1 shows typical profiles obtained if a fu
2D image is integrated over two narrow arcs90± apart
(around the powder rings). This simulates the more
stricted data-recording range available in the earlier wo
and the intensity differences are striking. Among oth
things, the strongestC2ym superlattice reflection—s201̄d,
labeled “1”—is easily visible in (b) but not in (a). The
intensities in (a) correspond quite closely to those o
served by ZE at 9 GPa [18] and Schaufelberger and M
at 10 GPa [19], while (b) is close to the pattern report
by Endoet al. [10]. ZE do report a profile more like (b)
for one of their six samples, but in that case the sam
3885
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also contained thea-U phase, and an (unexpected) ext
weak reflection at,2.9 Å would almost certainly have
gone un-noticed close to the (020) reflection froma-U
at ,2.98 Å. Olsen et al. do not report peak intensitie
[7], but their group of three reflections aroundd , 1.6 Å
corresponds to thes311̄d, s113̄d, and s202d peaks in (a)
rather than the quite different profile around the sameu

in (b). The literature thus contains no clear evidence
suggest there are two different monoclinic forms of C
and we conclude that the phase generally labeleda00 has
theC2ym structure in all cases.

Figure 3 shows how theC2ym structure is related to
the fcc0 phase (lattice parameterac). The body-centered
cell previously identified fora00 is also outlined (lattice
parametersa0, b0, c0 and b0), and this cell provides the
simplest means of describing the monoclinic distorti
of the lattice. There is a small elongation alonga0

f2a0ysb0 1 c0d .
p

2g; b0 , 92±; andf , 90.3±, which
makesc0 slightly greater thanb0. In the (true)C2ym
structure, alternateC-centered layers are displaceddx ,
0.35 Å along a [20], as shown by the arrows, in a un
cell with a ­ c0 2 a0, b ­ b0, andc ­ c0 1 a0. TheC-
centered layers in this structure can be seen to corresp
to the close-packed (111) planes of the fcc0 structure,
and thedx displacements lie in these planes. The b
phase has the body-centered cell of Fig. 3 withat ­

FIG. 3. The relationship of the cubic fcc0 unit cell (thin line;
lattice parameterac), the I2ym monoclinic cell (dashed line;
lattice parametersa0, b0, c0, andb0), and theC2ym cell (heavy
line; lattice parametersa, b, c, and b) of Ce. The large
filled circles areC2ym lattice points; the small filled circles
are (additional) lattice points in the other cells. Arrows sho
the dx displacements of theC2ym structure, treating all the
filled circles as representing Ce atoms [with the standard or
shifted to put an atom ats0, 0, 0d]. The anglef is referred
to in the text. TheI2ym cell becomes that of the body
centered tetragonal phase whenb0 ­ c0 and b0 ­ 90±. The
small differences ofa0,

p
2 b0, and

p
2 c0 from ac are not shown.
3886
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b0 ­ c0, ct ­ a0, and b0 ­ 90±. Thus the structures in
the sequence fcc! fcc0 ! C2ym ! bct are all closely
similar. By contrast, thea-U structure (shown in the
inset of Fig. 2) can be described as distorted hcp, and t
the transitions fcc0 ! a-U ! bct involve relatively large
structural rearrangements [9].

We now turn attention to the contradictory behavio
that have long been observed for the 5 GPa transit
They cannot be ascribed to stated sample purities or p
sure conditions—samples of various nominal purities
to 99.99% have been used on both sides of the div
with a similar range of techniques from large-anvil press
[10,19,21–23] to diamond-anvil cells [7–9,12,13], wi
[7–9] and without [12,13] pressure media. The common
observed contaminant phase CeH2 also makes no differ-
ence, as discussed above for Refs. [7,8]. However, th
are two possible systematic differences to which we c
find no clear exceptions: thea-U phase has been observe
at room temperature in only, and all, studies performed
samples originating in the USA([8,9], [13] (on six differ-
ent samples), and [24] (as reinterpreted in Ref. [12]))—
perhaps reflecting some small difference in impurities
microstructure—and thea-U phase has been absent
room temperature in only, and all, studies (including o
own) that have used filed([7], [10] (see Ref. [11]) or
otherwise cold-worked samples [19] (see Ref. [13]) a
[21,23,25]). (a-U was obtained [26] from a cold-worked
sample in Ref. [22], but with heating through the transiti
at 420 K.) It is a curious accident that all experiments a
pear to have been done with only non-cold-worked US
samples, and cold-worked non-USA samples.

We have therefore performed two further experimen
In the first, we used filings from the USA-originatin
sample from which “small chips” were cut in the rece
diffraction study of Zhao and Holzapfel [9]. The filing
transformed completely to theC2ym phase at 5 GPa
with no evidence of anya-U phase. This is in direct
contrast to the results of Zhao and Holzapfel on t
same sample material [9], and excludes sample or
as a factor. As with our previous experiments on fil
samples, heating for two hours at 373 K resulted in
partial transformation to ana-U phase characterized b
spotty powder rings. We then cut small chips from t
99.9% ingot from Rare Earth Products used to prov
filings for our main studies, reported above. These pie
gave only very weak powder rings from theC2ym phase
above 5 GPa, in a diffraction pattern dominated by seve
very intense spots from thea-U phase—in contrast to
the behavior obtained (above) with filings from the sam
ingot. Over 20 years of dispute about the behavior in
above 5 GPa thus appears to have arisen simply from
sample preparation.

Since theC2ym structure is fcc-like anda-U is hcp-
like, it is interesting to compare their relationship wi
the transformation between fccg-Ce and dhcpb-Ce on
cooling at ambient pressure [2]. This is known to
extremely sluggish, but to be assisted by impurities, la
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grain size, and plastic deformation [2]. Our results wou
seem to rule out impurities as a factor in the 5 G
transition. The fact thata-U tends to recrystallize from
only a very few centers in the fcc0 phase [8] suggest
a possible dependence on grain size—nucleation m
require a minimum critical size that cold working brea
up. Though chips and filings alike give very shar
smooth powder rings in the fcc0 phase, indicating a sma
grain sizes#1 mmd in both cases, it is possible that chip
retain a few larger grains that are still too small to gi
discernible spots in our powder patterns, or happen
to be in strongly diffracting orientations. Otherwise, w
speculate that dislocations introduced by cold work
somehow favor the small shear distortion of the fcc0 !

C2ym transition over the larger structural rearrangeme
of the fcc0 ! a-U transition [9]. However, this is counte
to the effect on theg ! b transition where cold working
assists rather than impedes fcc-like! hcp-like. Further
studies will be needed to reach more definite conclusio

There remains the matter of which is the true equilibriu
phase. The general belief that it is thea-U form rests
on ZE’s finding that pressure cycling through the 5 G
transition increases the proportion ofa-U in the sample
[13]. But it is possible that the pressure limits of th
cycling favoreda-U because of the much larger range
coexistencea-U and fcc0 [13,21], and so we have repeate
this test on two samples. Starting from almost purea-U
at 7 GPa, we reduced the pressure to 2.5 GPa so
transformation to the fcc0 phase was complete, and the
recompressed to 7 GPa. After only one cycle, the sam
was almost entirelyC2ym in both cases. The case fora-U
thus appears far from certain. Other considerations are
the densities of the two phases are almost the same [1
we find thea-U phase only 0.11(8)% denser—and th
although the closest near-neighbor distance is 0.1 Å sho
in a-U, C2ym has five near neighbors at#3.1 Å compared
with four in a-U. Given the dependence on an as y
unknown factor in the microstructure, a computation
comparison of the two phases may be the way to ob
a decisive answer.

In summary, we conclude that theC2ym structure is the
only monoclinic form of Ce in the range 5–12 GPa, a
that the conflicting results previously obtained for the b
havior above 5 GPa have arisen from differences in sam
production and preparation. The sensitivity to this fac
means it cannot be decided from existing experimental
dence whetherC2ym or a-U is the equilibrium phase a
room temperature. But the balance of probabilities n
requires conclusions about the role of4f electron delocal-
ization in theg ! a anda ! a0 transitions to be recon
sidered for the case thata0 is C2ym.

We thank our colleagues S. A. Belmonte and H. Liu f
assistance with the experimental work, and acknowle
technical support from A. A. Neild and G. Bushnell-Wy
We are most grateful to W. B. Holzapfel for makin
Ref. [9] available prior to publication and sending
some of the sample used in that study. Our work
ld
a

ay
s
,

s
e
ot

e
g

ts

s.

a

e
f

hat
n
le

hat
]—
t,
ter

t
al
in

d
-

ple
r

vi-

w

r
ge
.

s
is

supported by a grant from the Engineering and Physi
Sciences Research Council and funding from the Coun
for the Central Laboratory of the Research Councils, a
by facilities made available by Daresbury Laborator
One of us (M. I. M.) acknowledges a Fellowship from th
Royal Society.

*Now at Department of Physics, University of Liverpool
Liverpool, UK.

[1] D. A. Young, Phase Diagrams of the Elements(University
of California Press, Berkeley, 1991).

[2] D. A. Koskenmaki and K. A. Gschneidner, Jr., inHand-
book on the Physics and Chemistry of Rare Earths,edited
by K. A. Gschneidner, Jr., and L. Eyring (North-Holland
Amsterdam, 1978), Chap. 4, and references therein.

[3] H. L. Skriver, Phys. Rev. B31, 1909 (1985).
[4] O. Erikssonet al., Phys. Rev. B46, 12 981 (1992).
[5] B. Johanssonet al., Phys. Rev. Lett.74, 2335 (1995), and

references therein.
[6] L. Liu and W. A. Bassett,Elements, Oxides, and Silicates

High Pressure Phases with Implications for the Earth
Interior (Oxford University Press, New York, 1986).

[7] J. Staun Olsenet al., Physica (Amsterdam)133B, 129
(1985).

[8] G. Gu et al., Phys. Rev. B52, 9107 (1995).
[9] Y. Zhao and W. B. Holzapfel, J. Alloys Compd.246, 216

(1997).
[10] S. Endoet al., J. Phys. Soc. Jpn.42, 882 (1977).
[11] W. H. Zachariasen, Proc. Natl. Acad. Sci. U.S.A.75, 1066

(1978).
[12] F. H. Ellinger and W. H. Zachariasen, Phys. Rev. Lett.32,

773 (1974).
[13] W. H. Zachariasen and F. H. Ellinger, Acta Crystallog

Sect. A33, 155 (1977).
[14] R. J. Nelmes and M. I. McMahon, J. Synchrotron Radia

1, 69 (1994).
[15] A. N. Fitch and A. D. Murray (unpublished).
[16] K. A. Gschneidner, Jr.et al., J. Phys. Chem. Solids23,

555 (1962).
[17] In fact, it is stated in Ref. [8] that there is no monoclini

phase above 7 GPa, but the peak the authors co
not index with d ­ 2.216 Å fits perfectly as thes111d
reflection ofC2ym at 8 GPa.

[18] A single-phase monoclinic sample was obtained in th
case by raising the pressure quickly to 9 GPa in one ste

[19] Ph. Schaufelberger and H. Merx, High Temp.-High Pres
7, 55 (1975).

[20] dx is twice asxCe 2
1
4 d. If z fi

1
4 , there will also be

alternate (small) displacements along6z.
[21] L. G. Khvostantsev and N. A. Nikolaev, Phys. Statu

Solidi (a) 68, 193 (1981).
[22] Ph. Schaufelberger, J. Appl. Phys.47, 2364 (1976).
[23] L. G. Khvostantsev and N. A. Nikolaev, Phys. Statu

Solidi (a) 77, 161 (1983).
[24] D. B. McWhan, Phys. Rev. B1, 2826 (1970).
[25] The samples in Refs. [19,21,23] were from thin plate

that are usually cold worked in production (Ref. [22] an
private communication, Rare Earth Products Ltd).

[26] W. H. Zachariasen, J. Appl. Phys.48, 1391 (1977).
3887


