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Monoclinic holmium sesquioxide B-Ho,O3 and orthorhombic holmium orthogallate HoGaO3
were synthesized in a Walker-type multianvil apparatus under high-pressure / high-temperature con-
ditions of 11.5 GPa/ 1250 °C and 7.5 GPa / 1250 °C, respectively. Both crystal structures could be
determined by single-crystal X-ray diffraction data, collected at r.t. The monoclinic holmium oxide
crystallizes in the space group C2/m (Z = 6) with the parameters a = 1394.7(3), b = 350.83(7), ¢ =
865.6(2) pm, B =100.23(3)°, R1 =0.0517, wR2 = 0.1130 (all data), and the orthorhombic compound
HoGaOj3 in Pnma (Z = 4) with the parameters a = 553.0(2), b = 753.6(2), ¢ = 525.4(2) pm, R1 =

0.0222, and wR2 = 0.0303 (all data).
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Introduction

During the last years, rare-earth oxoborates have
been in the focus of our preparative investigations un-
der high-pressure / high-temperature conditions. We
obtained a large variety of new compositions like ¢-/
ﬁ—RE2B409 (RE = Nd, Sm-Ho [1—3]), RE4B6015
(RE = Dy, Ho [4-6]), RE3B501, (RE = Tm-Lu [7]),
and PryB 00O, [8], which were only attainable under
high-pressure conditions. Recently, we tried to expand
our research activities into the field of rare-earth gal-
lates, using high pressure as a tool to explore new syn-
thetic fields.

High-pressure / high-temperature investigations in
the systems RE-Ga-O were started with different re-
actions of the rare-earth oxides RE,O3 (RE = La,
Ce, Dy-Lu) with 3-Ga;03 in the stoichiometric ra-
tios 1:6, 1:1, and 10:1. Using cubic Ho,O3 (C-
Ho,03) as the rare-earth oxide, we failed to observe
a new compound up to now, but we obtained the
high-pressure modification B-Ho,O3 (monoclinic) and
the orthorhombic holmium orthogallate HoGaO3. Both
compounds are known from the literature. The struc-
tural characterizations of monoclinic B-Ho,03, syn-
thesized by Hoekstra [9, 10], and of HoGaO3 (Marezio
et al. [11,12]), were only based on powder diffrac-
tion data. Our high-pressure / high-temperature inves-

tigations led to highly crystalline samples, which en-
abled us for the first time to isolate single crystals of
B-Ho,03 and HoGaOs. Once again, enhancing the de-
gree of crystallinity by high pressure during the syn-
theses (pressure-induced crystallization) proved to be
successful, as it already was the case in the syntheses
of -SnB407 [13] and B-MB,05 (M =Zr, Hf) [14, 15].

In this work, we report the high-pressure / high-
temperature syntheses and structural data, based on
single-crystal determinations, of monoclinic B-Ho,O3
and orthorhombic HoGaOj3. Recently, Wu et al. pub-
lished theoretical calculations of the phase polymor-
phism of the rare-earth sesquioxides [16]. Their re-
sults, obtained by DFT methods, are compared with
our experimental data.

Experimental Section

Syntheses

Our original intention was to synthesize rare-earth gal-
lates with new compositions. We started with a stoichiomet-
ric ratio of C-HopO3: 3-Ga;03 = 6: 1. Starting materials
were fine powders of cubic Ho,O3 (Alfa Aesar, Emmerich,
Germany, 99.995 %) and [-Ga;Os; (Fluka, Seelze, Ger-
many, 99.99 %), which were ground, mixed, and filled into a
boron nitride crucible (Henze BNP GmbH, HeBoSint® S 10,
Kempten, Germany).
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Fig. 1. Powder diffraction pattern of the reaction product
from C-Ho,03: -Ga;03 = 6:1 (11.5 GPa, 1250 °C). A
simulation of a theoretical powder pattern of monoclinic B-
Ho,03, based on single-crystal data, is positioned under-
neath. The marked reflections refer to HoGaO3, which oc-
curs as a by-product. The remaining reflections correspond
to residual starting material C-Ho,O3.

The boron nitride crucible was positioned inside the cen-
ter of a 14/8-assembly, which was compressed by eight tung-
sten carbide cubes (TSM-10 Ceratizit, Reutte, Austria). The
assembly was compressed up to 11.5 GPa in 3.5 h, using
a multianvil device, based on a Walker-type module, and a
1000 t press (both devices from the company Voggenreiter,
Mainleus, Germany). A detailed description of the assem-
bly can be found in refs. [17—19]. The sample was heated
up to 1250 °C (cylindrical graphite furnace) in 15 min, kept
there for 10 min, and cooled down to 650 °C in 10 min at
constant pressure. Afterwards, the sample was quenched to
r.t. by switching off heating, followed by a decompression
period of 10.5 h. The product, a mixture of monoclinic B-
Ho,03 and orthorhombic HoGaO3 as by-product, was sepa-
rated from the surrounding boron nitride crucible. It appeared
as a dark-grey crystalline sample, which showed the alexan-
drite effect [20], first discovered in 1834 by the Finnish min-
eralogist N. G. Nordenskjold [21]. In daylight, the sample
had a light beige/grey color; in the laboratory (neon lamps) it
was brightly pink.

Fig. 1 gives a view of the powder diffraction pattern, ex-
hibiting the lines of monoclinic B-Ho,O3, of HoGaO3 as
a by-product, and weak reflections of hexagonal boron ni-
tride of the crucible, and of residual starting material C-
Ho,03. Some small air- and water-resistant crystals of B-
Ho,03 were isolated from the bulk sample for the single
crystal structure determination.

Additional experiments under different high-pressure /
high-temperature conditions led to the result that the pres-
sure necessary for the formation of the high-pressure phase
B-Ho0,03 can be reduced to a minimum of 7.5 GPa at temper-
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Fig. 2. Powder diffraction pattern of the reaction prod-
uct HoGaOj synthesized from C-Ho,03: -Ga;03 = 1:1
(7.5 GPa, 1250 °C). A simulation of a theoretical powder
pattern of orthorhombic HoGaO3, based on single-crystal
data, is positioned underneath. The marked reflections refer
to Ho3Gas01; [24], which occurs as a by-product.

atures around 1250 °C. As a side effect of reduced pressure,
the degree of crystallinity of the sample suffered, as often
seen in the field of borates [13 —15].

At this point it is important to raise the issue if pure cubic
Ho, 03 could be transformed into the monoclinic form under
these conditions. In fact, our experiments showed that it was
impossible. The addition of a small amount of 3-Ga; 03 was
necessary to induce this transformation. That corresponds to
the observations of Foex and Warshaw et al., who added flux
materials for the transformation [22, 23].

The synthesis of orthorhombic HoGaOs started from cu-
bic Ho, O3 (Alfa Aesar, Emmerich, Germany, 99.995 %) and
B-Gay 03 (Fluka, Seelze, Germany, 99.99 %) in a stoichio-
metric ratio of C-Ho, O3 : B-Gap03 = 1 : 1. Both compounds
were ground up and filled into a boron nitride crucible. The
experimental setup was alike the former one, except for a
larger sized 18/11-assembly [17 —19]. The reaction of the ox-
ides to the rare-earth gallate HoGaO3 occurs at a pressure of
7.5 GPa and a temperature of 1250 °C. The assembly was
compressed within 3 h, followed by the heating period, in
which the sample was heated up to 1250 °C within 15 min.
The temperature was held for 15 min and afterwards reduced
to 650 °C within 20 min. Finally, the heating was stopped in
order to cool down the sample to r. t. Afterwards, the decom-
pression to ambient pressure took 9 h. After removing the
boron nitride crucible, the sample was obtained as a greyly
gleaming, crystalline product, which showed also the alexan-
drite effect [20]. The sample was insensitive to air or mois-
ture. Fig. 2 displays the X-ray powder diffraction pattern
of the product and a simulated powder pattern of HoGaOs,
based on single-crystal data. Some weak reflections of
Ho3Gas0q, [24] indicated the presence of this by-product.
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Table 1. Crystal data and structure refinement of monoclinic
B-Ho,03 and orthorhombic HoGaOs.

Empirical formula Ho,03 HoGaOs3
Molar mass, g mol ™! 377.86 282.65
Crystal system monoclinic orthorhombic

Space group C2/m (no. 12) Pnma (no. 62)
Powder diffractometer Stoe Stadi P
Radiation CuKgy1 (A =154.051 pm)
Powder data

a, pm 1394.3(7) 554.11(4)
b, pm 350.0(3) 756.0(2)

¢, pm 864.4(8) 527.75(9)
B, deg 100.18(7)

v, nm? 0.4151(4) 0.21891(8)
Single-crystal Enraf-Nonius Stoe IPDS
diffractometer Kappa CCD

Radiation MoKy (A =71.073 pm)

(graphite monochromator)
Single-crystal data

a, pm 1394.7(3) 553.0(2)

b, pm 350.83(7) 753.6(2)

¢, pm 865.6(2) 525.4(2)

B. deg 100.23(3)

V, nm3 0.4168(2) 0.21891(8)
Formula units per cell Z=6 Z=4
Calculated density, g cm™> 9.03 8.58

Crystal size, mm> 0.02x0.02%x0.02  0.04x0.02x0.02
Temperature, K 293(2) 293(2)
Detector distance, mm 40.0 40.0
Exposure time, min 20.0 25.0
Absorption coeff., mm™ 56.3 479

F(000), e 948 488

0 range, deg 3.5-30.0 4.7-30.0
Range in hkl +19; £4; +12 +7; £10; £7
Total reflections 3514 2057
Independent reflections 689 342

Rint 0.0744 0.0697
Reflections with I > 2c(I) 576 284

Rs 0.0505 0.0396

Data / ref. parameters 689 /48 342729
Absorption correction numerical multi-scan (HABI-

(SCALEPACK [26])

TUS [30, 31])

Final R1/wR2 [I >20(I)] 0.0425/0.1087  0.0156/0.0296
Final R1/wR2 (all data) ~ 0.0517/0.1130  0.0222/0.0303
Goodness-of-fit on F2 1.041 0.854

Largest diff. peak 42 1.2
and hole, e A~3 —4.0 -16

Crystal structure analyses

To analyze the product of the reaction C-Ho,O3: -
Ga03 = 6:1, a Stoe Stadi P powder diffractometer with
monochromatized CuKy, radiation was employed. The re-
flections of the main phase (monoclinic B-Ho,O3, Fig. 1)
were indexed using the program routine ITO [25]. The results
led to a monoclinic cell (Table 1).

Although the crystals of the phase were very small, single
crystals of monoclinic B-Ho,O3 could be isolated from the
sample by mechanical fragmentation. To check their quality,

Table 2. Atomic coordinates and isotropic equivalent dis-
placement parameters Ueq (A?%) of B-Ho,0;3 (space group:
C2/m) (standard deviations in parentheses). Ueq is defined as
one third of the trace of the orthogonalized Uy; tensor. The
corresponding theoretical values (Wu et al. [16]) are shown
in brackets under the measured values.

Atom  W. position x y z Ueq

Hol 4i 0.63508(5) 0 0.4880(2) 0.0129(3)
[0.6347] [0] [0.4879]

Ho2 4i 0.68977(5) 0 0.1369(2) 0.0130(3)
[0.6916] [0] [0.1371]

Ho3 4i 0.96655(5) 0 0.1869(2) 0.0150(3)
[0.9679] [0] [0.1859]

01 4i 0.1282(8) 0 0.282(2)  0.020(3)
[0.1278] [0] [0.2815]

02 4i 0.8244(8) 0 0.030(2)  0.018(3)
[0.8254] [0] [0.0302]

03 4i 0.7938(8) 0 0.373(2)  0.019(3)
[0.7935] [0] [0.3768]

04 4i 0.4695(8) 0 0.343(2)  0.015(2)
[0.4711] [0] [0.3430]

05 2b 0 12 0 0.012(3)
[0] [1/21 [0]

Table 3. Anisotropic displacement parameters Uj; (A2) of B-
Ho,O3 (space group C2/m) (standard deviations in parenthe-
ses, Ujp = Usz =0).

Atom Urp U Usz Uiz

Hol 0.0079(4) 0.0157(5) 0.0152(5) 0.0023(3)
Ho2 0.0093(4) 0.0147(5) 0.0154(5) 0.0040(3)
Ho3 0.0090(4) 0.0162(5) 0.0187(5) —0.0004(3)
Ol 0.010(5) 0.026(7) 0.023(7) 0.000(5)
02 0.013(5) 0.027(7) 0.012(6) —0.001(4)
03 0.021(6) 0.016(7) 0.020(7) 0.000(5)
04 0.011(5) 0.019(6) 0.016(6) 0.006(4)
05 0.016(8) 0.013(8) 0.006(7) —0.001(6)

the crystals were examined by a Buerger precession camera,
combined with an image plate system (Fujifilm BAS-1800),
to test their suitability for the intensity data collection.
Single-crystal intensity data were collected at r.t. from a
small regular crystal, applying an Enraf-Nonius Kappa-CCD
single-crystal diffractometer with graded multi-layer X-ray
optics and MoK radiation (A = 71.073 pm). The lattice pa-
rameters from the single-crystal structure determination of
monoclinic Ho, O3 (see Table 1) agree well with those of the
powder pattern (Table 1). A multi-scan absorption correction
(SCALEPACK [26]) was applied to the intensity data. Accord-
ing to the systematic reflection conditions, the space groups
C2/m (no. 12) and C2 (no. 5) were derived. The structure
solution and the parameter refinement with anisotropic dis-
placement parameters for all atoms (full-matrix least-squares
against F2) were successfully achieved in the space group
C2/m by the SHELX-97 software suite [27,28]. All relevant
information and details concerning the single-crystal data
collection are listed in Table 1. Furthermore, the positional
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Hol-04 224(2) Table 4. Interatomic distances (pm)

Hol-03 225.6(8) 2x  of B-HoyO3 (space group C2/m)
Hol-04 243(2) based on single-crystal data (stan-
Hol-O1 249(2) 2x  dard deviations in parentheses).
Hol-03 258(2)

Ho2-02 224(2)
Ho2-02 225.7(8) 2x
Ho2-03 229(2)
Ho2-01 240.5(9) 2x
Ho2-01 270(2)

Ho3-02 219.7(2)
Ho3-04 220.8(7) 2x
Ho3-01 226.1(2)
Ho3-05 248.58(7) 2x

Table 5. Atomic coordinates and isotropic equivalent dis-
placement parameters Ueq (A ) of HoGaO3 (space group:
Pnma) (standard deviations in parentheses). Ueq is defined
as one third of the trace of the orthogonalized Uj; tensor.

Atom W. position x y z Ueq

Hol 4c 0.56586(5) 1/4 0.01685(5) 0.005(2)
Gal 4a 0 12 0 0.0044(2)
O1 4c 0.0356(9) 3/4 0.1030(8)  0.0065(9)
02 8d 0.1973(6)  0.5542(5) 0.6941(6) 0.0067(7)

Table 6. Anisotropic displacement parameters Uj; (Az) of
HoGaOj3 (space group Pnma) (standard deviations in paren-
theses).

Atom U Uy Uss Uy Uis Ui

Hol 0.0036(2) 0.0061(2) 0.0058(2) 0 0.0002(2) 0
Gal  0.0033(3) 0.0053(3) 0.0045(3) 0.0000(2) 0.0001(2) —0.0003(2)
Ol  0.0022) 0.0092) 0.0082) 0 0.0012) 0
02 0.0042) 0.001(2) 0.007(2) 0.0002) —0.001(2)  0.001(2)

Table 7. Interatomic distances (pm), calculated with the
single-crystal lattice parameters of HoGaO3 (standard devia-
tions in parentheses).

Hol1-0O1 224.6(4) Hol1-02 227.2(4) 2%
Hol-01 229.2(5) Hol1-02 248.9(4) 2%
Hol-02 264.8(4) 2x
Gal-O1 197.0(2) 2x Gal-02 198.5(3) 2x
Gal-02 200.2(3) 2%

parameters (Table 2), anisotropic displacement parameters
(Table 3) and interatomic distances (Table 4) are recorded.
The product of the reaction between cubic C-Ho,O3 and
B-Gay03 (ratio: 1:1), leading to orthorhombic HoGaOs3,
was also examined with a Stoe Stadi P diffractometer with
monochromatized CuKy; radiation (A = 154.051 pm).
The indexing of the powder diffraction pattern (Fig. 2)
of HoGaO3 with the program TREOR [29] resulted in an
orthorhombic unit cell (see Table 1). Single-crystals of
HoGaOj3 were mechanically separated and isolated in order
to examine the crystals with a Buerger precession camera
and an image plate system (Fujifilm BAS-1800). The size
of one single crystal was sufficient for the data collection

on a Stoe IPDS-I diffractometer (MoK, radiation: A =
71.073 pm). The single-crystal intensity data were collected
atr. t. A numerical absorption correction (HABITUS [30, 31])
was applied to the intensity data. The systematic reflection
conditions led to the space groups Pnma (no. 62) and
Pna2| (no. 33). The structure solution and the parameter
refinement with anisotropic displacement parameters for
all atoms (full-matrix least-squares against F2) were
successfully achieved in the space group Pnma, using the
SHELX-97 software suite [27,28]. All relevant information
and details concerning the data collection of orthorhombic
HoGaOs3 are listed in Table 1. The positional parameters
(Table 5), anisotropic displacement parameters (Table 6),
and interatomic distances (Table 7) of HoGaOj are listed in
the designated Tables.

Further details of the crystal structure investigations
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition numbers CSD-420710 (B-Ho,03)
and CSD-420711 (HoGaO3).

Results and Discussion
B-Ho,0;

Rare-earth sesquioxides are of high interest. About
80 years ago, Goldschmidt et al. [32] started to ex-
amine this sector. They classified these oxides in A-
RE»0O3, B-RE>03, and C-RE,O3 with respect to their
different crystal structures. Other groups tried to find
out which factors (ionic radius of the RE>* ion, tem-
perature, pressure) cause the formation of the spe-
cific structure type in the row of the lanthanide ions
[33-35]. In detail, type A includes the rare-earth ox-
ides from Ce to Pm, i.e. the “early” elements in

AAVA\ AV'\/

Fig. 3. (Color online). Crystal structure of monoclinic B-
Ho,O3 viewed along [010]. The light and dark polyhedra
correspond to the capped tr1gonal prismatically and octa-
hedrally coordinated Ho3* ions, respectively.



1036

S. A. Hering — H. Huppertz - Monoclinic B-Ho,O3 and Orthorhombic HoGaOs3

[ ] m aexp
b " 975 =
1450 w ©® R g
[ ] * a (single crystal data) —
. U] ®l., - 950 8
1425 n i £
c - ® acalc. (Wuetal)[16] o
S - ° o b " Lo25 &
~ [ ] [ ] e c &)
a0l § " . 400-] =
£ = 900 %
GE) 1 ° 1 J ] B
© L = L £
13751 ., = e 8753
o LI 3754 =
() 5 o) . . .
o - < Fig. 4. (Color online). Comparison of
T 1350 e * w o T G £ the lattice parameters a, b, and c of the
- _ © monoclinic B-type sesquioxides. The
1325 |- ‘ B 350+ 825 3 square (W) marks experimental values
_ § from the literature, the circle (o) shows
Lsoo S data from theoretical calculations [16],
1 1 ! 1 1 L L 1 ! ! 1 1 1 and the star () stands for the experi-
Pr  Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu mental data of this work (single-crystal

Rare-earth elements

the rare-earth series. These structures possess trigo-
nal symmetry, crystallizing in the space group P3ml
(no. 164). Often, this structure type is called the lan-
thanum oxide type. There are trivalent cations co-
ordinated to seven oxygen ions. Remarkable are the
different bond lengths in the coordination sphere of
the rare-earth ions, which separate into four short
and three long RE-O distances. The monoclinic type
B sesquioxides crystallize in the space group C2/m
(no. 12) including the sesquioxides of promethium to
lutetium, where the RE> ions are surrounded by six
and seven oxygen anions, forming six-vertex polyhe-
dra (octahedra) and capped trigonal-prismatic seven-
vertex polyhedra, respectively. With six- and seven-
fold coordinated rare-earth cations, the structure can
be described as intermediate between the cubic C-
phase (only REQOg units) and the trigonal A-phase
(only REO7 units) [36]. Fig. 3 gives a detailed view
of the structure of monoclinic B-Ho,0Oj3. The so-called
C-type sesquioxides form cubic structures and are only
found with the ‘“late” rare-earth elements, from eu-
ropium to lutetium. The structure can be described as
Mn;O3-type (defective fluorite structure), crystallizing
in the space group Ia3 (no. 206).

It is noteworthy that there exist several ways of
transformation between the three different rare-earth
oxide phases, depending on temperature and pressure
conditions [22,23]. Additional reaction components
can help to transform the sesquioxides during the tem-
perature treatment. For example, Foex et al. achieved a
transformation from the C-type to the B-type structure

data).

by adding some lime [33], or by offering support with
oxides like CaO and SrO [37].

The high-pressure modification of holmium
sesquioxide (B-Ho,O3) was first synthesized by
Hoekstra [9,10]. He examined phase transforma-
tions in rare-earth oxides using a tetrahedral anvil
high-pressure device developed by Hall [38]. It was
figured out that the phase transformations of the
cubic rare-earth sesquioxides into the monoclinic
compounds (C-B transformation) are reversible under
certain high-pressure / high-temperature conditions
between 2.5 and 4 GPa at 900— 1000 °C [9]. Further-
more, he was able to determine the cell parameters
of the monoclinic compound B-Ho,0O3 from powder
diffraction patterns [10], leading to lattice parameters
of a = 1390(1), b = 349.2(3), ¢ = 859.2(8) pm, and
B = 99.98(5)°. The indexed cell and the intensities
of the reflections in the powder pattern led to the
conclusion that this phase was isotypic to the structure
type of monoclinic B-Sm;0O3, published earlier by
Cromer [39]. Sawyer et al. succeeded in transform-
ing parts (~ 20%) of the cubic starting material
C-Ho,O3 by high-pressure impact methods [36].
Heating of C-Hoy3 at atmospheric pressure did not
lead to a phase transformation [40]. Hoekstra [10]
and Sawyer [36] showed that the monoclinic phase
B-Ho,03 disappears under temperature treatment and
is transformed into the cubic phase C-Ho,0O3, which
supported the prediction of a metastable high-pressure
phase [10]. Recently, Wu et al. [16] reported theoret-
ical calculations on the phase transitions and lattice
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parameters of the rare-earth sesquioxides RE,O;3
(RE =La-Lu, Y, Sc) based on DFT (density functional
theory) and PAW (project augmented wave) methods.
A comparison of the experimental single-crystal
lattice parameters (a = 1394.7(3), b = 350.83(7), ¢ =
865.6(2) pm, B = 100.23(3)°) and atomic coordinates
(Table 2) of B-Ho,03 (this work) with the theoretical
values obtained by Wu et al. [(acaic. = 1399.14, begie. =
348.87, ceae. = 861.01 pm, Beae. = 100.266° [16])
and Table 2] shows good accordance. Fig. 4 presents
the lattice parameters a, b, and ¢ of the monoclinic
B-type sesquioxides derived from experimental data
of the literature (m), the theoretical work of Wu et
al. (e) [16], and the experimental data of B-Ho,03
from this work [single-crystal data (x)]. The lattice
parameters tally well and decrease almost linearly due
to the lanthanide contraction, except for the theoretical
values for B-Er,O3 [16].

Fig. 3 shows the structure of monoclinic B-Ho,03
with a view along [010], displaying two different
types of polyhedra: distorted octahedrally coordinated
Ho>* ions next to sevenfold coordinated cations in the
form of capped trigonal prisms. A closer look at the
coordination sphere of Ho3 reveals six octahedrally
arranged oxygen atoms at distances between 219.7(2)
and 248.58(7) pm (av. = 230.8 pm) (Table 4), and an
additional oxygen atom at a distance of 312.7 pm.
MAPLE calculations (Madelung part of lattice energy)
[41-43] proved a negligible coordinative contribution
of ECoN = 0.003 (effective coordination number)
for this ion; so the sixfold coordinated description is

for the known single-crystal data.

reasonable. The Ho—O distances in the capped trigonal
prisms (Hol, Ho2) are in the range between 224 and
270 pm (av. = 237.8 pm).

HoGaOj3;

In the ternary system RE-Ga-O, four composi-
tions are known: RE3Gas01, (RE =Y, Sm, Gd, Dy,
Ho, Yb, Lu; garnet structure [24,44 —48]), RE3GaOg
(RE = Nd, Sm-Er) [49-51], RE4Ga0y (RE = La,
Pr, Nd, Sm—Gd) [52-54], and REGaO3 (RE = La,
Pr, Nd, Sm-Lu) [11,12,55-61]. The latter com-
pounds were synthesized under atmospheric pressure
or via decomposition of the related garnets RE3GasO 1,
(RE = Sm-Lu) under high-pressure / high-temperature
conditions in the presence of an NaOH flux [12].
In this context, HoGaOs was synthesized for the
first time by Marezio et al. and characterized by
the lattice parameters a = 525.1(2), b = 553.1(2),
¢ = 753.6(2) pm (setting: Pbnm) [11]. The struc-
ture was described as isostructural with the rare-earth
orthoferrites, possessing an orthorhombic perovskite-
like structure (GdFeO3 type [62]). Our single-crystal
data for HoGaO3 [a = 553.0(2), b = 753.6(2), ¢ =
525.4(2) pm (standard setting: Pnma) (Table 1)] agree
well with the original values of Marezio et al. [11].
Further single-crystal data exist only for the rare-earth
orthogallates REGaO3; (RE = La, Pr, Nd, Gd) [58—-61].

Fig. 5 shows a comparison of the different lattice
parameters a, b, and ¢ of all known rare-earth gal-
lates in the standard setting (space group: Pnma) in-
cluding the values of HoGaOs. The three axes show
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Fig. 6. Volume of the different rare-earth gallates REGaOs3
(RE = La, Pr, Nd, Sm—Lu; standard setting Pnma).

a different behavior: while the b and ¢ parameters de-
crease smoothly on going from La to Lu, the a param-
eter has an unexpected behavior showing a maximum
at about Gd, which was already observed by Marezio
et al. for the rare-earth gallates [11] and by Eibschiitz
for the corresponding orthoferrites [63]. This effect is
commonly interpreted as a consequence of the size of
the rare-earth ions: as the size of RE>T decreases, the
average RE3T—O distance of the first nearest oxygen
atoms decreases as well (first effect), whereas the av-
erage RE3*-0 distance of the second nearest oxygen
atoms increases (second effect). Only the a parame-
ter is affected by this double effect, leading to an in-
crease on going from La to Gd, because in this region
the second effect is the predominant one, whereas it
decreases from Gd to Lu, because here the first effect
is predominant. This unsatisfactory explanation has to
be checked in the future, when the missing single-
crystal data in the series will become available. Sim-
ilar observations were described by Berkowski et al.,
who investigated single crystals of the solid solution
La;_,Nd,GaOs3 [64]. It was found that the unit cell
volume decreases linearly with an increasing Nd con-
centration according to Vegard’s law. This agrees with
the general behavior of all ternary rare-earth gallates,
showing decreasing volumes due to the lanthanide con-
traction (Fig. 6). With increasing Nd concentration x
in La;_,Nd,GaOs;, the lattice parameters a and ¢ de-
crease (setting of space group Pbnm), whereas b in-
creases. At x = 0.32, the parameters a and b become
equal, and the crystal adopts a pseudo-tetragonal struc-
ture. Due to the preferred tendency for twinning, these

Fig. 7. (Color online). View approximately along the [010]
axis of orthorhombic HoGaO3, illustrating the GaOg octahe-
dra. The Ho atoms are positioned in the resulting channels.

solid solutions were characterized by powder X-ray
diffraction.

The orthogallate structure of HoGaOj3 crystallizes in
an orthorhombically distorted perovskite-like structure
(GdFeO3 type), being isostructural to the rare-earth
orthoferrites, investigated and described by Geller et
al. [65,66], Will [67], and Marezio et al. [68]. Fig. 7
shows the structure of the holmium orthogallate with a
view along [010]. Like in cubic perovskite-structures,
the oxygen and rare-earth ions form a face-centered
cubic structure, in which the Ga’* ions occupy 1/4™
of the octahedrally coordinated positions. Different
from the cubic perovskite structure, the GaOg octa-
hedra are distorted along the ¢ axis and tilted against
each other. The Ga—O bond lengths in HoGaO3 range
from 197.0(2) to 200.2(3) pm (av. = 198.6 pm) (Ta-
ble 7). The distances correspond to the values found
for octahedrally coordinated gallium atoms in -
Gay03 (192-208 pm [69]) and B-GayO3 (193.5(2)—
207.4(1) pm [70]). The holmium cations show a
4+4 coordination, displaying Ho—O bond lengths in
the ranges 224.6(4)—229.2(5) pm (the first four) and
248.9(4)—-264.8(4) pm (the second four). The experi-
mental average value of (242.0 pm) is in good accor-
dance with the average bond length of 236 pm found
in Ho3GaOg [49].

Conclusions

The successful high-pressure / high-temperature
synthesis and structural characterization of mono-
clinic holmium sesquioxide B-Ho,O3 and orthorhom-
bic holmium orthogallate HoGaO3 are reported in this
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work. High-pressure / high-temperature conditions of
11.5 GPa/ 1250 °C and 7.5 GPa / 1250 °C led to sam-
ples of B-Ho,O3 and HoGaOs3, respectively. Although
both compounds were already known from the litera-
ture, the syntheses of samples with a high degree of
crystallinity allowed structure determinations based on
single-crystal data for the first time.
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