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Cubic Er,0; was compressed in a symmetric diamond anvil cell at room temperature and studied in situ using
energy-dispersive X-ray diffraction. A transition to a monoclinic phase began at 9.9 GPa and was complete at 16.3
GPa and was accompanied by a ~9% volume decrease. The monoclinic phase was stable up to at least 30 GPa
and could be quenched to ambient conditions. The normalized lattice parameter compression data for both phases
were fit to linear equations, and the volume compression data were fit to third-order Birch—Murnaghan equations
of state. The zero-pressure isothermal bulk moduli (By) and the first-pressure derivatives (By') for the cubic and
monoclinic phases were 200(6) GPa and 8.4 and also 202(2) GPa and 1.0, respectively. Ab initio density functional
theory calculations were performed to determine optimized lattice parameters and atom positions for the cubic,
monoclinic, and hexagonal phases of Er,03. The calculated X-ray spectra and predicted transition pressure are in
good qualitative agreement with the experimental results.

Introduction still in use today. The C type is cubic and has space group
la3 (No. 206) and 16 formula units per unit cell. For rare-
earth elements heavier than terbium (Tb), the C-typeQRE

is the most stable form over a wide temperature range at
ambient pressure. The B type is monoclinic and has space
groupC2/m (No. 12) and six formula units per unit cell; the

A type is hexagonal and has space gr&@@ml (No. 164)

and one formula unit per unit cell. These three phases are

Phase transformations in rare-earth sesquioxides@RE
have been the subject of a large number of solid-state
structural studie$:® Goldschmidt et al. first investigated the
rare-earth sesquioxides systematically in 192&d their
original designations for the three phases (A, B, and C) are
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lanl.gov (temporary), guogixun@ustc.edu (permanent). generally stable at temperatures below 2000 with new
TLANSCE, Los Alamos National Laboratory. phases designated as H or X being formed at temperatures
*MST, Los Alam_os National Laboratory. b 2000°C 10
§ Cornell University. above :
" Stanford University. _ Previous studies indicate that the C to B transition
gg :ggtﬁgg m Si’nggggﬂ‘é?ﬁfé&s‘g’eggi%%.ma 1163-1164. temperature increases with a decrease of the ionic radius of
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(5) Meyer, C.; Sanchez, J. P.; Thomasson, J.; Itie, Bhis. Re. B 1995 (N2400 °C). The density of the B type is generally much
51,12187-12193. . -
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Table 1. Optimized Lattice Parameters and Atom Positions for Cubic, Monoclinic, and HexagoaP Er

phase lattice param sites X y z
cubic SG: #206 a=b=c=1055Aa=p=y =90, Erl (8b) N N Yy
at 0 GPa V/Z=73.39 B (Z=16)
Er2 (24d) 0.467 0 Yy
01 (48e) 0.391 0.152 0.380
monoclinic SG: #12 a=1392Ab=3.46Ac=8.56A, Erl (4i) 0.135 Y, 0.488
at0 GPa a=y=90,3=100.36,
VIZ=67.59 B (Z=6)
Er2 (4i) 0.191 i, 0.137
Er3 (4i) 0.468 i, 0.186
O1 (4i) 0.128 0 0.282
02 (4i) 0.326 i, 0.031
03 (4i) 0.294 i, 0.377
04 (4i) 0.471 0 0.343
05 (2b) 0 iy 0
monoclinic SG: #12 a=1263Ab=340Ac=8.14A, Erl (4i) 0.138 1Y, 0.490
at 31 GPa a=y=90,3=97.97,
V/IZ=57.70 B (Z=6)
Er2 (4i) 0.185 i, 0.137
Er3 (4i) 0.462 i, 0.194
O1 (4i) 0.136 0 0.297
02 (4i) 0.326 i, 0.022
03 (4i) 0.307 i, 0.357
04 (4i) 0.479 0 0.346
05 (2b) 0 1, 0
hexagonal SG: #164 a=b=364Ac=584Aa=p=90, Erl (2d) A 23 0.250
at0 GPa y=120°,VIZ=67.01 B (Zz=1)
01 (2d) Y3 24 0.646
02 (1a) 0 0 0

a Reported lattice parameters of the monoclinic phase at ambient conditions by Hoekst/@ et-al13.87 A,b = 3.47 A,c = 8.555 A,a. = y = 907,
B =100.17, andV/Z = 67.55 R. Extracted lattice parameters of the monoclinic phase at ambient conditions from our current expegirmei®:866 A,
b=3.473 A,c=8.579 Ao = y = 90, 8 = 100.04, andV/Z = 67.802 &.

et al. investigated polymorphism in rare-earth sesquioxides and Ko, at~49 keV) because the measured energy range was from
at high temperature ~1000 °C) and pressure (several 10 to 35 KkeV, which corresponds talespacing range of-4.74 to
gigapascals). They synthesized the B type of the previously ~1.35 A

unknown heavy rare-earth sesquioxide@srin a large- Ab initio DFT calculations were performed to obtain optimized

volume press (LVP) and successfully quenched this phaselattice parameters and atom positions for the C, B, and A phases
back to ambient conditioris of Er,O3 and to predict the C- to B-type transition pressur& at

: . . 0 K. We employed the all-electron Bibl's projector augmented
Here we first present an experimental and theoretical study,, .. e (PAW) approadAwithin the generalized gradient approxima-

on the pressure-induced C- to B-type phase transformationjon, as implemented in the Vienna ab initio simulation package
in ErO; at room temperature. Energy-dispersive X-ray (vASP)15 The plane-wave cutoff energy was set at 500 eV. The
diffraction was carried out in situ at high pressure and k-point meshes for Brillouin zone sampling were constructed using
ambient temperature in a symmetric diamond anvil cell. Ab the MonkhorstPack schemé& We used 6x 6 x 6, 4 x 14 x 6,
initio density functional theory (DFT) calculations were and 15 x 15 x 9 k-point meshes for the cubic (80-atom),

performed to obtain theoretical data for comparison with the monoclinic (30-atom), and hexagonal (5-atom) unit cells O&r
experimental results. respectively. Such parameters were found to be sufficient to give

fully converging results.

Experimental Section Results and Discussion

The SUb.m'Cr(?r."s'zed B0 §ample was purchased fro.m Acros Table 1 shows the optimized lattice parameters and atom
and was identified as having a cubic structure using X-ray

diffraction at ambient conditions. The powder sample was loaded pOS.ItI.O.nS for C, B, and A phases ofB% calcullalted by using

into a ~200um-diameter hole drilled through a stainless steel @b initio DFT. Among them, the atom positions for the B
gasket along with a ruby grain for pressure calibratioand silicon and A phases and the lattice parameters for the A phase were
oil was added as a pressure-transmitting medium. Diamond anvilsreported for the first time. Our theoretical lattice parameters
with ~350um culets were used to compress the sample. The X-ray and the atom positions for C and B phases are in good
beam size was focused to10 um. Energy-dispersive X-ray  agreement with those of the previous repétfsFrom these
diffraction patterns were collected with a fixed 2~15°) on the theoretical data, simulated X-ray diffraction patterns were

bending magnet beam line (B1 station) at the Cornell High Energy gptained usingPowderCell for Window$ (Figure 1).
Synchrotron Source (CHESS), Cornell University. The radiation
sources®Fe and'*Ba were used for the energy calibration. Five (14) Kresse, G.; Joubert, Phys. Re. B 1999 59, 1758-1775.

peaks from the gold standard were used for the angle calibration.(15) Kresse, G.; Furthmuller, Phys. Re. B 1996 54, 11169-11186.

; ~ (16) Monkhorst, H. J.; Pack, J. [Phys. Re. B 1976 13, 5188-5192.
There was no overlap of Er fluorescence linesi{kat ~48 keV (17) Hirosaki, N.: Ogata, S.: Kocer. . Alloys Compd2003 351, 31—

34.
(13) Mao, H. K.; Xu, J. A.; Bell, P. MJ. Geophys. Re4986 191, 4673~ (18) Kraus, W.; Nolze, GPowderCell for Windowsversion 1.0; Federal
4676. Institute for Materials Research and Testing: Berlin, Germany, 1997.
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Figure 1. Simulated X-ray diffraction patterns for cubic, monaoclinic, and
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and monoclinic E1O; up to 16.3 GPa.

Figures 2 and 3 show representative X-ray diffraction
patterns for cubic BOs; up to 11.5 GPa and a mixture of
cubic and monoclinic EOs; up to 16.3 GPa, respectively.
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Figure 4. Representative X-ray diffraction patterns for monoclinig@r
up to 30 GPa.

Monoclinic
Decompress

23.3GPa

2

2 [13.3GPa

g

£
4.0GPa
OGPa/_/W
L L S e s B B B R B B R
10 15 20 25 30 35

Energy (keV)

Figure 5. Representative X-ray diffraction patterns o8 decompressed
to ambient conditions.

pressure (0.1 MP&: 0 GPa) to a cubic structure gagg=
10.5536(40) A Y/z = 73.465 B andZ = 16), which is in
good agreement with the reported valueapf= 10.53 A
(JCPDS No. 77-0777) and the theoretically calculated value
of ap = 10.55 A (Table 1) for C-type EDs. Between 9.9
and 11.5 GPa, the relative intensity of the C222 peak became
increasingly weak, indicating a change in the atomic positions
in cubic EROs. At the same time, new broad peaks marked
with asterisks began to appear between C222 and C400. By
16.3 GPa, the peaks of C-type .Bg had completely
disappeared and the sample was fully converted to the B
type. No further discontinuous changes were observed in the
X-ray diffraction patterns (Figure 4) with increasing pressure
up to 30 GPa. After the pressure was released, the B-type
Er,O; could be quenched to ambient conditions (Figure 5).
Using the simulated X-ray diffraction patterns for,8s
(see Figure 1) as references, the high-pressure phase can be
indexed as a monoclinic cell (B type). Figure 6 shows a
comparison of the experimental and theoretical X-ray dif-
fraction patterns for the monoclinic phase at ambient
pressure. The lattice parameters calculated from the experi-

All diffraction peaks in Figure 2 can be well-indexed to cubic mental spectra are as follows:= 13.866(33) Ab = 3.473-
Er,O;. Fitting the peaks of the starting sample at ambient (16) A, ¢ = 8.579(20) A,a. = y = 90°, B = 100.04(12),

6166 Inorganic Chemistry, Vol. 46, No. 15, 2007



Pressure-Induced Phase Transformation in KD

1.09
-\
l b — fitted curves
ot _ 1.06 b,/b,=1.00019-5.97*10°"P
oGPa | SRERBRIEEN o oo g ] bela,beta=1.00022-1.0110°P
JIWR n o 1037 ¢,/¢,=0.99952-1.80*10°*P
\ WA W s ] a,/a,=0.99969-2.54*10™P
> i N NN E 100be
? [ — 9 ] W
o = 1 —A
£ Theoretical XRD T 097 e
3 =
— 2 S 0944 | A p=3473A ﬁ\Q\ﬁ\ -
l £ 1 | # beta=100.04° ~e__
f 2 0.91 4 O ¢,=8.579A
- i { | o a=13.866A
e S 4
08 t+——"7 T
—— — —— — — 0 5 0 15 20 25 30 35
10 15 20 25 30 35

Pressure (GPa)

Energy (keV . -
ay ke Figure 8. Room-temperature NL-Pvolume data for the monoclinic ED3

Figure 6. Comparison of the experimental and theoretical X-ray diffraction upon compression.
patterns of the monoclinic phase.

both the high-temperature extrapolation and the theoretical
value but is in good qualitative agreement.

1% —Medounve Fi 7 and 8 sh t t lized latti
a,/8,=1.00099-145"10°P igures 7 and 8 show room-temperature normalized lattice
5 o parameter (NLP)}volume data for cubic and monoclinic
% 0.995 1 Er,Os, respectively. The NLP compression for both phases
8 was fit to linear equations (£)(5).
o o
g 09907 For the cubic phase:
'}
o _ - —3 —
& o e > aJ/a, = 1.00099— 1.45x 10 °P, a,=10.5536 A @)
g a,: avalue at P GPa - . .
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09801 as/a, = 0.99969— 2.54x 10°°P, a,=13.866 A (2)
o 3 & 9 12 15
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Figure 7. ~ Room-temperature NLPvolume data for cubic EO3 upon
compression. clc, = 0.99952— 1.80x 10 °P, ¢,=8.579A  (4)
ar_1dV/Z =67.802 A3 (Z = 6), which are m_good agreement Bolfo=1.00022— 1.01x 10°P, f,=100.08  (5)
with our theoretical results and previous reports (see
Table 1). The shape of the X-ray diffraction patterns ofdzr The axial compression sequence was found to be correlated

at 17.7 GPa is very similar to the reported B-type,@bat to the axial length sequence in the monoclinic phase g£r

18 GPa and room temperatirayvhich also supports the  The compressibilities along treeandc axes in the mono-

formation of B-type E4Os in our experiments. clinic phase and along the axis in the cubic phase have

The full-width at half-maximum (fwhm) of the C440 peak the same order of magnitude. In contrast, the compressibility

at 0.1 MPa is 0.2757 keV. When the pressure was increased®ong theb axis in the monoclinic phase is about an order

to 4.9 GPa, a broadening of the C440 peak was observed®f magnitude smaller. The abovg results indicat.e tha’gthe

and the fwhm reached 0.3725 keV (an increase of 35%). At @nd C axes are more compressible than thexis. This

30 GPa, the fwhm of the B313 peak was 0.7206 keV (an semiempirical law has been applied to a number of é&ses

increase of 161%). This broadening, while significant, did and_ also holds true here.

not affect the phase analysis and determination. It should Figure 9 shows the room-temperature pressunigme

also be noted that none of the X-ray diffraction patterns (at data for EO, upon compression _and decompress!on. The
) . . data for the cubic and monoclinic phases were fit to the

any pressure) in our experiment could be indexed as theBirch—Murnaghan equation of state (B}2°

A-type hexagonal phase, indicating that,® does not '

transform into the A type from the C type at room B 380[(V0)7/3 (VO)W] { 3 [(VO)Z/3 ]}

temperature below 30 GPa. P “21\v] T \v 1+Z(BO —4) v 1

Extrapolation of the previously reported high-temperature

data to room temperaturaould give a predicted transition  The zero-pressure isothermal bulk modBdiand the first-

pressure for C- to B-type ED; of ~5 GPa. Ab initio DFT pressure derivative®y' for cubic and monoclinic phases were

calculations give a theoretical transition pressure 6fGPa. 200(6) GPa and 8.4 and also 202(2) GPa and 1.0, respec-

Our experimental value~9.9 GPa) is slightly higher than tively. The phase transformation was accompanied 9%

Inorganic Chemistry, Vol. 46, No. 15, 2007 6167
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1.05 on the temperature stability relationships of the rare-earth
Volume/Z at 0GPa sesquioxide polymorphsindicate that, at ambient pressure,
100 VJZ=73.465A°, Z=16 the phase boundary between the B_and A types (for light
V,/Z=67.802A°, Z=6 rare-earth atoms Nd through Sm) is almost vertical and
° virtually independent of temperature, making it is hard to
E 0954 . observe this phase transformation by the appllca_ttlon of high
g 4 ! temperature. glonéAtou et al. reported a reverS|'bIe.B— .to
B 00 “ 9% A-type t.ran5|t'|on of SO under hlgh pressure using in situ
N ' X-ray diffraction?? and so far this is the only report of B-
E 4; to A-type phase transformation in the lanthanide sesquioxides
2 0.85 m Cubic (Ln203).
Compress The C- to B-type transformation occurs with a substantial
0,86 A é”;’;‘;ﬁ(’;’s”s" “ density increase. In contrast, the transformation from the B
' <4 Monoclinic to A type results in a minor density decrease. The theoretical
Decompress density for B-type EiO; at ambient conditions is 9.401
0.75 ; . . . ; , . g-cm3, which is very close to our experimental value of
5 0 5 10 15 20 25 30 35 9.371 gcm 2 and previously reported value of 9.40&m 3.
Pressure (GPa) In contrast, the theoretical density of the A type at ambient
Figure 9. Room-temperature pressure-volume data fopOgrupon conditions is 9.482 gm3. The relative theoretical density
compression and decompression. difference of the two phases at ambient conditions is only

0.86%. At high pressures, this difference is expected to
volume decrease. From the presswvelume data for  pecome even smaller (approaching zero), which would
monoclinic E§O; upon compression and decompression, 0ne ¢, ither reduce th@AV term for driving the phase transfor-
can see that, at the same pressure, the volume at thg, ,tion.

compression stage is a “tﬂe smaller thz?m that .at t_he The Gibbs free-energy change due to a phase transition is
decompression stage. This kind of hysteresis effect is fairly given by023

common and has been observed in many solid-state reac-
tions?!

While the C- and B-type forms of ED; have been
observed experimentally, three other forms (the A, H, and
X types) have been predicted but have not yet been detectedt equilibrium, AG(P,T) = 0. Assuming that both phases
in experiments. The phase transformation from the C to B have the same compressibility and thermal expansion and
type is reconstructive, and the B type could be quenched tothat the phase transition has no effect on the heat capacity,
ambient conditions. Quenching of the B type was also a simplified equation can be obtained and used to calculate
observed by Hoekstra et hhfter synthesis in a LVP at 3  the transition pressure as a function of the temperature:
GPa and 1020C. Herein, we further evidence that B-type
Er,O; can be retained at room temperature by pressure Py = (AH® = TA®S)/(—AV) ©)
guenching to ambient pressure. It should be noted that B-type
(high-pressure phase) & is not thermodynamically stable At room temperatureT = 300 K, A°H is typically 1 order
at atmospheric pressure and below 20TD. It would of magnitude larger thaMA°S in lanthanide sesquioxides.
eventually revert to the C type (low-pressure phase), but the Thus, eq 8 may be further simplified as
transformation speed is exceedingly sluggish because of the
high kinetic barrier related to crystal reconstruction. Previous A’H~ Py(=AV) ©)
experiments indicate that the transformation from the B type
back to the C type can be realized by annea“ng the B type If we know the transition pressure and volume Change in a
in air at atmospheric pressure and 9@for several hours. phase transition in lanthanide SequiOXides at room temper-

The phase transformation from the B to A type is ature, we may estimate the enthalpy change.
displacive. It can be expected that this transition may have In our current work, the theoretical enthalpy change for
a smaller energy barrier because the hexagonal phasdhe cubic to monoclinic phase transformation may be
involves only a slight deformation of the monoclinic estimated as follows:
structure. The B- to A-type transition has proven difficult
for researchers to observe experimentally. Previous reportsA°H ~ P,(—=AV) = 7 GPax 5.8 A* x 6.02x 10°/mol =

24 k3mol ™

AG(P.T) = A°H(T) — TA°SM) + [PAV(PT)dP  (7)

(19) Anderson, O. LEquations of State of Solids for Geophysics and
Ceramic ScienceOxford University Press: New York, 1995. ; P itati

(20) Hemley, R. JUltrahigh-Pressure Mineralogy: Physics and Chemistry The above estimated enthalpy Change IS In qua“tatlve
of the Earth’s Deep Interigr Mineralogical Society of America:

Washington, DC, 1998. (22) Atou, T.; Kusaba, K.; Tsuchida, Y.; Utsumi, W.; Yagi, T.; Syono, Y.
(21) Flanagan, T. B.; Park, C. N.; Oates, W. Prog. Solid State Chem. Mater. Res. Bull1989 24, 1171-1176.
1995 23, 291-363. (23) Matvei, Z.Prog. Mater. Sci2007, 52, 597-647.
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agreement with the reported data for some C- to B-type phasea powerful combination of synchrotron X-ray diffractions
transformations in LyO3.23 and ab initio DFT calculations.
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We studied a pressure-induced cubic to monoclinic phase
transformation in BOs; at room temperature by in situ
synchrotron X-ray diffractions. We also performed ab initio
DFT calculations to obtain theoretical data related to the three
phases of BO; and their phase transformations. The
theoretical data are in good qualitative agreement with the
experimental results, indicating that ab initio DFT calcula-
tions worked well for EfOs. The current research would give
us a new guideline to effectively investigate the phases and
their transformations in lanthanide sesquioxides,Q4) by IC070154G
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