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Abstract. High-resolution neutron powder diffractometry has been used to characterize the
structural phase transitions which occur in PrBGet® 550 and 750C. The change in lattice
parameters of the trigonal unit cell as a function of temperature, observed in the range from
ambient to 800C, shows that the 550 transition is associated with an abrupt contraction of
the unit cell volume. The crystal structure stable in the temperature interval between 550 and
750°C is isomorphous with the stillwellite structure of LaBGei its polar variant stable up to
530°C. The phase transition at 750 to a non-polar variant of the structure mimics the 530
transition in LaBGe®. The structural parameters of these two PrBggbases have been
refined from data taken at 650, 770 and 800 The structure of the PrBGe(hase stable at
ambient temperature gives rise to extra reflections not given by the stillwellite structure. These
can be indexed on a triple cell with ~ +/34, ¢/ ~ ¢ and the structure has been determined and
refined from a combination of neutron powder data and an ambient temperature single crystal
x-ray diffraction study.

1. Introduction

Perfect single crystals of LaBGgQan analogue of the mineral stillwellite (Ce,La)BgjO
were produced recently by the Czochralski technique [1]. This crystal possesses many
physical properties (ferroelectric [2], non-linear optic [2, 3] and laser [1, 4]) which may find
device applications and which have stimulated interest in enlarging the stillwellite family
of compounds. A number of isomorphs RBGg@vhere R= La...Er, Y, have been
synthesized by Mill [1]. The crystal structure of the mineral stillwellite (Ce,La)BSEO
acentric and polar. The room temperature polar structure of its LaB@norph has

been determined using single crystal x-ray methods [1,5] and is shown in figure 1. A
polymorphic transition occurs at Nd in the rare earth series, the more stable structure of
NdBGeG being that of datolite, CaBSiPOH), which is centrosymmetric, though both
modifications occur. This polymorphic transition is related to the decrease in the ionic
radius of R with increasing atomic number.

A ferroelectric phase transition in LaBGe@t 530°C was established by different
methods [2,6,7]. In a recent study [8] using the high-resolution powder diffractometer
(HRPD) at the pulsed neutron source ISIS, the pseudo symmetry in the stillwellite structure
[9] was used as a basis for describing the phase transition from the polar structure in space
group P3; to the high temperature, non-polar phaseHAB;21 and developing a high-
temperature model. That phase transition is of second order, but contains both displacive
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Figure 1. The [001] projection of the polar stillwellite structure of LaBGg@t ambient
temperature [8]. The figures indicate the heights of the atoms in hundredths coiimension.

and order-disorder components in accordance with the results of the physical measurements
described above.

We now report similar investigations of the related phase PrBGshich was also
believed to have the stillwellite structure at room temperature. Single crystals of this new
member of the stillwellite family were also grown by Mill using the Czochralski method. In
contrast to LaBGeg) two-phase transitions were detected by Stefanovich [10] both in the
temperature dependence of dielectric susceptibility and dielectric loss in single crystals and
also in second-harmonic generation, (SHG), in powdered samples. The lower temperature
transition occurs at 53T on heating and 49 on cooling and is of first order. The
higher temperature transition at 742 is ferroelectric, second order and is analogous to
the transition in LaBGe®at 530°C. A remarkable feature of the temperature dependence
of the SHG intensity is that it increases sharply with increasing temperature aC58¥
shown in figure 2. It has also been found [11] that a small addition of La into PrBGeO
reduces this jump in the SHG signal and finally(Rty gLag2)BGeQ,, this signature of the
phase transition disappears.

2. Experimental

The first attempt to determine the crystal structure of PrB&atOroom temperature was
made, as it was for LaBGeQusing single crystal x-ray diffraction data. Laue photographs

of most crystals gave evidence of twinning. The intensities from the best spherical sample
(r = 0.1 mm) were measured within a complete hemisphere and then averaged, save for
the Friedel pairs, to give 2827 independent reflections. The refinement of a model identical
to that for LaBGe@ at room temperature converged Ry, ~ 4%. Analysis of the atomic
coordinates and anisotropic thermal vibration parameters showed that the pseudosymmetry
is more pronounced in PrBGgQhan in LaBGe@. We can conclude that, within the
standard deviations, Pr and Ge atoms occupy special positions on two-fold axes and that
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Figure 2. The temperature dependence of the ratio of intensity of second-harmonic generation
(SHG) in PrBGe@ during heating (1) and cooling (2) compared to that in silica [10].

two pairs of oxygens O(1)-0O(2) and O(3)-0O(4) are connected by two-fold axes. The
anisotropic temperature parameters of boron, and especially O(5) atoms, were significantly
increased. The residual electron density, map calculated using the atomic coordinates

of Pr, Ge, O(1)-0(4), gave four peaks of equal height, which correspond to two pairs of
positions for O(5), O(5 and B, B, connected by two-fold axes. A model with split sites

for O(5) and B improved the refinemerk,,, = 3%, but such a model cannot be correct
since it corresponds to the non-polar space gré@#21 whereas the structure at room
temperature is certainly polar. Thus, the room temperature structure of PgBtaeld not

be determined completely from the x-ray data.

In view of our previous successful experience with the neutron powder diffraction study
of LaBGeG;,, we have now undertaken an investigation of powdered PrBGeer a wide
temperature interval from room temperature to 1073 K using HRPD. The specimen was
prepared by crushing and grinding single crystal material containing, as we now know,
boron enriched to 99(1)% in the low-absorbing isotdpB. Some 14.8 g of the powder
with particle size less than 150m were sealed in a Ti/Zr null matrix can with thin vanadium
windows and a rectangular cross sectionxd23 x 3 mm. This container was oriented in
a furnace on HRPD so that the minor dimension of the can was parallel to the incident
neutron beam and the major dimension was vertical. This geometry was chosen to optimize
the diffracted intensity into the backward-angle bank of detectors from what was believed
at first to be a highly absorbing specimen. Vanadium was also used as the material for the
furnace windows and resistance heating elements to reduce their contribution to the features
of the diffraction patterns at the expense of an increase in the incoherent background. Time
of flight data were collected in the range 30-130 ms at 5 Hz repetition rate, normalized using
the spectra from the main beam monitor and corrected for the wavelength dependence of
the detector, the empty sample container and the specimen absorption. The data sets used in
the Rietveld refinements extended from 35-115 ms, corresponding to a radegpating
between 0.7 and 2.B. Two series of short runs of approximately 30 min duration (total
incident proton beam current 12A h) provided patterns which could be refined to give
unit cell dimensions accurate to parts in°18nd were used to follow the temperature
dependence of the lattice parameters below and above the two transition temperatures and
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clearly establish the changes in unit cell volume to be associated with the three different
phases. Longer runs for accurate structure refinements at 20, 100, 650, 770 aGd\&06
accumulated for 563, 150, 170, 150 and 26X h, respectively, and the 2@ data set was
augmented by a second data set measured for20h covering the range 100-200 ms
which extends thel/-spacing range to 3.8. Structural analysis was performed using the
Rietveld method with program TF12 based on the Cambridge Crystallography Subroutine
Library (CCSL).

The profile of the 15QuA h™! data set at 100C revealed extra lines which could be
indexed on a triple cell witla’ ~ V3a, ¢ ~ ¢ (denoted HJ) relative to the stillwellite cell
dimensions oz = 6.941 A and ¢ = 6.898 A. This was subsequently confirmed when the
20°C data sets had been analysed.

3. The temperature variation of the unit cell dimensions from ambient to 800C

Figure 3 illustrates the behaviour of the unit cell dimensions and the cell volume of
PrBGeQ@ as a function of temperature. The dimensions of the unit cell are smaller than
those of LaBGe@ With increasing temperaturedimensions increase, amddimensions
decrease, in both materials. However, in contrast to LaBG&@ere the changes in

anda dimensigns are continuous, in PrBGyefhgc dimension increases discontinuously

with an 0.020A jump from ~6.845 to ~6.858 A at the lower, 547C, transition point,
whereas the: axis decreases by 0.008 also with a sharp jump, from 6.951 to 6.943

in the same temperature (table 1). The presence of a small continuous component may be
connected with the presence of defects in the crystals. The unit cell volnreduces by

~0.07(2) ,&3 from 286.35 to 28&8 ,&3 on heating through the transition. Thec andV

values in figure 3 are normalized to emphasize the discontinuity in this weak first-order phase
transition in contrast to the continuous second-order phase transition in LaBt830°C.

The phase transition which occurs in PrBGef 742°C is similar to that in LaBGe@at
530°C: there is no change in the slope of the volume-temperature curve illustrated to the
right-hand side of figure 3(c) and the dimension of theis increases monotonically in the
second-phase transition, whereas the dimension aof thés decreases (figures 3(a) and (b)).

The first-order phase transition at 34y°C is between phases having the same polar
symmetry P3;, but different unit cells. The parameters of the ambient temperature crystal
structure have been refined from the long run taken aC20 he transition at 750C mimics
the transition in LaBGe®and is between the polaP3; and non-polarP3,2; structures
which have been refined from long runs taken at 850or the former and at 80 for
the latter structure.

The a/c ratio is a sensitive characteristic of the ferroelectric phase transition in the
stillwillite structure type and has a valuel.007—1.006 for paraelectric phases. In LaBGeO
thea/c ratio changes from 1.0206 at room temperature through 1.0097 G2ahd 1.0088
(535°C) to 1.0073 for the high-temperature phase (at ®30 The phase transition in the
isomorphous phase LaBSiQ7, = 140°C [12,13], is characterized by a change in the
a/c ratio from 1.0096 at room temperature to 1.0071 in the paraelectric phase &t.200
PrBGeQ thea/c ratio changes from 1.0206 at room temperature to 1.0109 @G5 the
intermediate but still polar phase and then to 1.0062 in the high-temperature modification
at 800°C.
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Figure 3. The temperature variation of the trigonal unit cell dimensions of PrBZelu, (b) ¢
and (c) the volume, normalized to values at 500
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Table 1. The temperature variation of the lattice parameters and unit cell volume of Pi8GeO
The estimated standard deviations are (1), (2) and (1) in the least significant figures quoted,

respectively.

T(°C) a(A) c®  VAY T(C) a®) (A V(A
20 12.0202 6.7999 2832 x3 566 6.9430 6.8589 286.34
400 6.9499 6.8367 285.63 568 6.9430 6.8593 286.35
500 6.9511 6.8376 286.12 570 6.9430 6.8594 286.35
505 6.9511 6.8383 286.15 572 6.9431 6.8593 286.36
510 6.9512 6.8388 286.18 574 6.9430 6.8599 286.39
515 6.9513 6.8394 286.20 576 6.9431 6.8601 286.40
520 6.9513 6.8400 286.23 578 6.9432 6.8603 286.41
525 6.9513 6.8406 286.26 580 6.9431 6.8604 286.41
530 6.9512 6.8414 286.28 582 6.9431 6.8606 286.42
532 6.9513 6.8416 286.30 584 6.9432 6.8611 286.44
534 6.9512 6.8420 286.31 586 6.9432 6.8613 286.46
536 6.9512 6.8423 286.32 588 6.9431 6.8617 286.46
538 6.9512 6.8428 286.34 650 6.9436 6.8688 286.80
540 6.9511 6.8429 286.34 700 6.9442 6.8778 287.22
542 6.9509 6.8436 286.35 730 6.9436 6.8840 287.44
544 6.9504 6.8445 286.35 733 6.9436 6.8844 287.45
546 6.9500 6.8452 286.34 736 6.9435 6.8852 287.478
548 6.9490 6.8471 286.34 739 6.9434 6.8861 287.50
550 6.9470 6.8503 286.31 742 6.9433 6.8865 287.51
552 6.9448 6.8541 286.29 745 6.9432 6.8874 287.55
554 6.9439 6.8558 286.28 748 6.9430 6.8886 287.58
556 6.9434 6.8568 286.29 751 6.9431 6.8890 287.60
558 6.9430 6.8577 286.29 754 6.9428 6.8902 287.62
560 6.9430 6.8579 286.30 765 6.9424 6.8927 287.70
562 6.9430 6.8584 286.31 770 6.9423 6.8936 287.72
564 6.9429 6.8587 286.32 800 6.9408 6.8983 287.80

4. The structure of the ambient temperature phase of PrBGe®

Having observed the tripling of the unit cell in the neutron powder profile, we returned
to the x-ray diffraction experiment using the same single crystal but the tripled unit cell.
Additional reflections corresponding to the enlarged cell were found, but these were weak
and only 22 had intensities which were statistically significant, in number less than 1%
of fundamental reflections. The structure of the phase stable at ambient temperature has
then been determined from the neutron powder data starting from the knowledge that
extra reflections due to the triple cell are very weak in the single crystal x-ray diffraction
experiment.

The positional parameters for Pr and Ge in a model for the triple unit cell must remain
close to those for the structure found for the average small unit cell from the x-ray data
set. They are close to special positions on two-fold axes and two pairs of oxygens are
almost related by two-fold axes. The tripling and polarity can only result from a different
distribution of O(5) and B atoms, whose electron density could not be best modelled by a
polar structure within the small (averaged) unit cell. Between the two positions for O(5)
and B determined im\p, we can distinguish two orientations: left and right, or ‘black’
and ‘white’ (figure 4(a)). The unit cell will be tripled if these atoms occupy different
orientations, for example, two ‘black’ and one ‘white’ around the three-fold axes, and the
structure will be polar. In the new enlarged unit cell (figure 4(b)) we have 3 Pr, 3 Ge,
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Figure 4. (a) Two (black and white) positions of O(5) and B in the small (average) unit cell,
(b) tripled unit cell witha,.,, = +~/3a and its connection with the small unit cefl, in room
temperature modification of PrBGeODifferent orientations of O(13), O(14) (black) and O(15)
(white) atoms and B(1), B(2) (black) and B(3) (white) atoms are shown around the three three-
fold axes; the pseudosymmetric elements are shown by broken lines. (c) and (d) see text.

15 O and 3 B independent atoms but the peculiarities of the new model are determined
principally by only one O(15) oxygen and one B(3) atom in the same space dt8up
This model implies that the major contribution to additional reflections will originate from
the elements oxygen and boron and explains why the additional reflections and tripling of
the unit cell were missed in the original x-ray experiment but found in the neutron pattern
from HRPD.

The model for the tripled cell corresponds to space gré3p. The pseudosymmetry
is high corresponding t®3;,12 (P3;21 in the small unit cell) since the three Pr and the
three Ge atoms occupy positions which are close to being specidy), on the diagonal
diads. The oxygens 01-012 are connected in pairs by the two-fold axis and only three
oxygens, 013, 14, 15 and three borons, B1, 2, 3 break this rule, as is illustrated in figure 4(b)
which also shows that there are several pseudo-three-fold axes in the tripled unit cell. The
presence of such pseudosymmetry complicates the structure refinement since it leads to high
correlations between the atomic positional parameters. Such crystals must have a strong
tendency to domain formation and twinning, and that is observed in x-ray Laue photographs
of PrBGeQ taken at ambient temperature (see the introduction).
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Refinements of the tripled unit cell model were carried out with both x-ray and neutron
data. The sense of the andb* axes inP3; cannot be determined in the x-ray diffraction
experiment, so in accordance with our choice we must use-the —y, z setting to
compare with the LaBGe{parameters for the small (average) unit cell. The initial atomic
coordinates from the average unit cell for PrBGefere transformed to the new, enlarged
V/3a cell and refined. The atomic coordinatesy andz of O(13)(‘black’), O(14)(‘black’),
O(15)(‘'white’), B(1)(‘black’), B(2)(‘black’) and B(3)(‘white’) were fixed because of the high
correlation. The refinement of the x-ray diffraction data including isotropic temperature
parameters for all atoms gavk,,;, = 3.81% andR,,; = 3.82% for 2849 reflections
(table 2).

The model with fully ordered sites for oxygen and boron atoms in the triple cell was also
used as the starting point for refinement of the neutron data collected in the long runs. The
atomic coordinates of the high atomic number Pr and Ge atoms determined from the x-ray
data were initially fixed in the neutron refinements. The positional parameters of all oxygen
and boron atoms were then adjusted in a constrained refinement which required equality of
all B-O and all Ge—O bonds to within 0.05. Reasonable isotropic temperature factors

were fixed for all atoms: 0.5, 0.4, 0.8 and3@ ~ for Pr, Ge, O and B atoms, respectively.
The positional parameters for Pr and Ge were included in the last three cycles of refinement
without significant change. The resulting profile agreement factor Rass = 7.16%,

Ryprof = 6.33% andy? = 5.937 for 5957 observations, figure 5, table 2. The interatomic
distances correspond to the accepted values (table 3).

F‘rBGeO5 at RT
; i

Hl JI!II‘!H;]I 311! IIQFIEE%{‘H“I 1; i[l ! ” IliE ii ‘ Egs

20 | 1

R T

normalised neutron counts

7x10* &x10* ax10* 10°

time—of —flight {us)
L : !

Figure 5. Powder profile refinements of PrBGgOf the low-temperature phase using data taken

at 20°C. The calculated positions of reflections from the small and tripled unit cell are shown
by the lower and upper sets of markers, respectively. The difference between observed and
calculated profiles divided by the estimated standard deviation (esd) of the observed is plotted
in the lower pattern of each profile figure here and in figures 6 and 7; horizontal broken lines
are drawn at:1 and+3 esd.
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Table 2. The positional and thermal parameters of the ambient temperature phase of BrBGeO

as determined at 2@ from x-ray single crystal and neutron HRPD data.

Atom X y z B;

X-ray, 20°C

Pr(1) 0.2763(3) 0.1378(3) O 0.49(2)
Pr(2) 0.5284(3) 0.4710(3) 0.3363(5) 0.45(2)
Pr(3) 0.1959(3) 0.3914(3) 0.6620(5) 0.43(2)
Ge(1) 0.2805(5) 0.1386(5) 0.5004(9) 0.43(2)
Ge(2) 0.5268(5) 0.4744(5) 0.8338(8) 0.41(2)
Ge(3) 0.1948(6) 0.3866(6) 0.1632(7) 0.40(3)
0o(1) 0.653(3) 0.496(3) —0.327(3) 0.58(3)
0(2) 0.822(2) 0.810(2) 0.010(3) 0.91(3)
0O(3) 0.504(3) 0.684(3) 0.340(3) 0.59(3)
0(4) 0.172(3) 0.155(2) —0.340(3) 0.94(3)
O(5) 0.506(3) 0.351(3) —0.007(4) 0.89(3)
0(6) 0.326(3) 0.482(3) 0.319(3) 0.93(3)
o(7) 0.561(3) 0.590(3) 0.007(3) 0.99(3)
0(8) 0.748(2) 0.635(2) —0.655(3) 1.02(3)
0(9) 0.683(2) 0.759(2) 0.677(3) 1.03(3)
0(10) 0.221(2) 0.302(2) —0.017(3) 1.03(3)
0O(11) 0.356(2) 0.260(1) 0.326(2) 1.00(3)
0(12) 0.416(3) 0.438(3) 0.660(4) 1.03(3)
0(13) —0.0303 —-0.0373 0.7650 0.53(3)
0(14) 0.3265 0.6293 0.5660 0.67(3)
0O(15) 0.6598 0.2960 0.5660 0.67(3)
B(1) 0.0710 —0.0419 0.9720 0.58(3)
B(2) 0.2629 0.6380 1.0300 0.63(3)
B(3) 0.5962 0.3047 1.0300 0.63(3)
Neutron HRPD, 20C ITF

Pr(1) 0.2766 0.1400 0 0.56
Pr(2) 0.5289 0.4708 0.3287 0.56
Pr(3) 0.1935 0.3906 0.6627 0.56
Ge(1) 0.2817 0.1390 0.5000 0.73
Ge(2) 0.5251 0.4711 0.8243 0.73
Ge(3) 0.1921 0.3867 0.1617 0.73
0o(1) 0.6774(7) 0.4884(7) 0.6604(14) 0.90
0(2) 0.8299(8) 0.8174(8) 0.0109(13) 0.90
0O(3) 0.5143(6) 0.6783(8) 0.3295(14) 0.90
0O(4) 0.1697(6) 0.1518(6) 0.6496(11) 0.90
O(5) 0.4936(8) 0.3436(8) 0.9858(14) 0.90
0(6) 0.3184(6) 0.4956(7) 0.3156(15) 0.90
o(7) 0.5599(8) 0.5880(9) 0.0016(11) 0.90
0(8) 0.7497(8) 0.6301(7) 0.3389(11) 0.90
0(9) 0.6934(9) 0.7732(8) 0.6639(12) 0.90
0(10) 0.2386(6) 0.3149(7)-0.0193(11) 0.90
0O(11) 0.3490(8) 0.2591(9) 0.3178(13) 0.90
0(12) 0.4077(8) 0.4387(8) 0.6444(13) 0.90
0(13) —0.0287(7) —0.0376(5) 0.7709(10) 0.90
0(14) 0.3048(7) 0.6302(6) 0.7619(11) 0.90
0O(15) 0.6606(7) 0.2960(7) 0.5711(9) 0.90
B(1) —0.0710(7) —0.0454(6) 0.9713(12) 0.51
B(2) 0.2621(7) 0.6229(6) 0.9612(12) 0.51
B(3) 0.5930(8) 0.3022(7) 1.0301(11) 0.51
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Table 3. The temperature variation of cation—oxygen interatomic distance&)(iim the Pr-
polyhedron and B- and Ge-tetrahedra.

20°C

Pr(1)-polyhedron  Pr(2)-polyhedron  Pr(3)-polyhedron
0O(1)-2.718 0O(1)-2.619 0(2)-2.570
0(2)-2.715 0O(3)-2.586 0O(3)-2.642
O(4)-2.744 0O(5)-2.703 0O(4)-2.740
0O(5)-2.534 0O(6)-2.694 O(6)-2.743
0O(8)-2.561 O(7)-2.558 O(7)-2.343
0(9)-2.399 0(8)-2.374 0(9)-2.571
0(10)-2.368 0O(11)-2.378 0(10)-2.508
0O(11)-2.496 0(12)-2.514 0(12)-2.343
0O(13)-2.591 0O(16)-2.557 0O(15)-2.586
B(1)-tetrahedron  B(2)-tetrahedron  B(3)-tetrahedron
0(2)-1.498 0O(3)-1.490 O(1)-1.515
0O(4)-1.506 0O(6)-1.510 0O(5)-1.536
0O(13)-1.441 0O(15)-1.437 0O(16)-1.440
O(13)-1.447 0O(19-1.445 0(16-1.492
Si(1)-tetrahedron  Si(2)-tetrahedron  Si(3)-tetrahedron
0O(2)-1.746 O(1)-1.773 0O(3)-1.788
O(4)-1.753 O(5)-1.766 O(6)-1.768
0(8)-1.671 O(7)-1.737 0(9)-1.664
0O(11)-1.763 0(12)-1.758 0O(10)-1.747
650°C

Pr-polyhedron B-tetrahedron Si-tetrahedron
0O(3)-2.574 0O(1)-1.523 0O(1)-1.739
0(3)-2.369 0(2)-1.511 0O(2)-1.778
0O(4)-2.399 0O(5)-1.450 0O(3)-1.707
O(4)-2.540 0(H-1.462 O(4)-1.705
0O(1)-2.616

O(1)-2.783

0(2)-2.712

0(2)-2.660

0O(5)-2.639

800°C

Pr-polyhedron
O(1) x 2-2.754
O(1') x 2-2.644

B-tetrahedron
Q1) x 2-1.514
Q@5) x 2-1.578

Si-tetrahedron
Q1) x 2-1.747
@3) x 2-1.711

0O(3) x 2-2.563
0(3) x 2-2.373

O(5) x 2-2.688 @5)-0(5)-0.746

5. The structure of the intermediate and higher temperature phases of PrBGef)

The structure of the intermediate phase was refined using data from the long run collected
at 650°C. The atomic coordinates obtained earlier [5, 8] for the low-temperature setting and
the normal (small) unit cell of stillwellite were used as initial parameters. The coordinate
transformation from the low-temperature setting to the high-temperature settipg=sx; —
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YL, Y = XL, Zg = zr, and back from the high-temperature setting to the low-temperature
setting isx;, = yy, yo = —xy + yu, z1, = zy. Both the thermal vibrational parameters
(table 4) and the interatomic distances obtained from the refinement have normal values
(table 3). The resulting profile agreement factor ws,r = 5.45%, R,y = 6.08% and

x? = 1.667 for 2503 observations, figure 6. The structure is similar to that of LaB@&O
room temperature.

Table 4. The positional and thermal parameters of the intermediate-temperature phase of
PrBGe@ as determined at 65 from neutron HRPD data.

Atom  x y z ITF

Pr 0.5879(18) 0.0001(32) O 1.12(8)
Ge 0.5761(9) —0.0014(17) 0.4982(26) 1.05(6)

B 0.1107(14) 0.0048(23) 0.9757(21) 0.84(9)

O(1) 0.3457(20) 0.1913(20) 0.0200(24)  1.64(19)
O(2) 0.1919(17) 0.3388(18) 0.3242(26) 1.37(18)
O(3) 0.6193(17) 0.4852(18) 0.3401(25) 1.62(16)
O(4)  0.4432(17) 0.6060(19)-0.0116(28) 2.55(22)

O(5)  0.0542(11) 0.0456(12) 0.7827(23) 1.40(10)

PrBGeO; (intermediate phase)
0.2 TN R S SO SR E S A T S Y

U S S S R PSSR ST
RS (TR A A IA I TR L I ] ! I f 59783

0.15 + =

normalised neutron counts
=

i T T T T T T T ¥ T 1 r T T i3 T T T T T T T T T T T ‘ T T T T ! ~
4104 5%10% 6x10* 7x10* 8x10% gx10* 10°
time—of ~flight (us)

I | ] |

3 i

Figure 6. Powder profile refinements of PrBGe®f the intermediate phase using data taken
at 650°C.

The Rietveld refinement of the structure of the high-temperature modification of
PrBGeQ started from the structural parameters of LaBG@Dove its ferroelectric phase
transition at 530C (high-temperature setting) and data from the long run measured at
800°C. The best agreement (figure 7, table 5) was obtained with a split site for O(5), a
tendency to splitting for O(3) (enlargel};) and no splitting for the B atom. The resulting
profile agreement factor waB,,,,; = 4.89%, Rypror = 5.72% andx? = 2.168 for 2325
observations. The structure closely resembles that of LaBG¢®igh temperature. The
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absence of a split site for the B atom, in contrast to that found in LaBGety be
explained by the difference in the ionic radii of La and Pr leading to a simpler configuration
in PrBGeQ@ of the double helical chain formed from Ge- and B-tetrahedra with normal
interatomic distances (table 3).

PrBGeQ, (high temperature phase)
G.25 H . . i k 1 I L 1

S R SR S EU S S T L bk
IEEE I TERANE B B PR RN L HE HH [T Pourod | 59796

0.2

0.15 4

normalised neutron counts

0.1 - R ‘ -
| .
0.05 . -
T T A A YT
4x10* 5x10% 610 7x10* 8x10* 10°
time—af—flight (us)
1 I E J !
Figure 7. Powder profile refinements of PrBGe@f the high-temperature phase using data
taken at 800C.
Table 5. The positional and thermal parameters of the high-temperature phase of PsBGeO
determined at 800C from neutron HRPD data.
Site
Atom  x y z B11 By, Bz B2 Biz  Bzz  occupancy
800°C
Pr 0.4098(2) O 0.3333 1.59(9) 1
Ge 0.4231(5) O 0.8333 1.31(6) 1
B 0.8902(8) O 0.3333 1.46(9) 1
0o(1) 0.1518(7) 0.5352(7) 0.0159(6) 1.86(8) 1
0O(3) 0.1458(7) 0.6140(8) 0.3434(9) 2.8(2) 2.5(1) 2.9{®)4(2)-0.2(2) 0.8(2) 1
O(5) —0.0028(14) 0.0423(13) 0.7937(11) 1.7(1) 0.5

6. The first-order phase transition in PrBGeG; and its comparison with the
second-order phase transitions in both PrBGe® and LaBGeGCs stillwellites

We are now able to discuss the mechanism for the first-order phase transition in RrBGeO
from its room temperature structure to the ‘norm&l3; polar analogue of stillwellite.
During this phase transition, one oxygen and one boron atom which break the smaller
translations must change positions from ‘white’ to ‘black’ leading to disappearance of the
tripling. An analysis of the distances between the six possible positions for O(5) (figure 4(c))
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Figure 8. The thermal evolution of the atomic coordinates of the atoms (a) Qf5)) O(5)
(v) and (c) B €).
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shows that there are two short distances of 1.33 and 1/218nd the shortest jump is
between ‘black’ and ‘white’ O(5)-O(p ~1.2 A. I some displacement of O(5) occurs
closer to the phase transition which reduces the lAzmtance the jump will take place.

It should be noted that oxygen atom jumps~d3. 75 A were found in the high-temperature,

and of~0.7 A in the high pressure, phase transition in KTiOP@m neutron diffraction
studies. Using the data sets collected for the unit cell refinements of the average small unit
cell and applying the same procedure for refining the atomic coordinates as it was made
in our study of LaBGe@ it is possible to follow the thermal evolution of the positional
parameters of O(5) and B atoms. In the regiorifpot= 540°C, O(5) undergoes the largest
displacement which is parallel to [001], but is also large along [010] and is clearly seen
for the B atom along [001] (figure 8). The interatomic distances between the positions of
the new ‘black’ and ‘white’ O(5) atoms at the extremal point gives a distance068 A

(figure 4(d)), which is suitable for a jump to occur. The 5@0phase transition is of first
order, discontinuous, and is characterized by the displacive jump of O(15) in the room
temperature structure, which, in turn, removes the difference in orientation of all oxygen
and boron atoms and removes tripling of the unit cell. It is accompanied by a discontinuity
in the unit cell dimensions and its volume.

In contrast to the transition at 54Q, the second phase transition at 7€24s continuous
second order in which a large displacement of O(5) over an extended range of temperature
leads to a final position after which a jump ©f0.746 A occurs between O(5) and O)5
followed by dynamic oscillations between these two positions (the order-disorder component
of the transition) and the change of symmetry fré8; to P3,21.

7. Conclusion

The radius of the rare-earth cation is a very important factor in the structure type, which
is stable only for La, Ce and Pr (see the introduction). La is the preferred element for the
germanate analogue and it gives rise to good crystals, stable over a wide temperature range.
In LaBGeGQ;, the average La—O distance is 2.685In PrBGeQ the crystal structure of the
stillwellite type is stable only between540--742°C because thermal expansion increases

the average Pr-—O distance from 2. 558t room temperature, where the structure is unstable
and gives rise to twins, to 2. 588 (close to the value in LaBGef) The same effect as
temperature is produced by isomorphous substitution of Pr by La: the region of stability
of the normal polar modification is extended to lower temperatures (FipgLag2)BGeQ,

the first phase transition typical for PrBGg@isappears.

The results obtained in the investigation of the complex phase transitions enable us to
explain the peculiarities of the non-linear optical properties of PrB&@iQure 2). The
sharp increase in the intensity of the SGH signal is connected with an increase of polarity in
the structure which is determined in the intermediate state by the O(5) and B atoms in the
whole lattice, whereas in the room-temperature state only one out of three O(5) and boron
atoms determines polarity. Pr, Ge and O(1-4) are also displaced in the phase transition and
no longer possess the previous highly pseudo-symmetric positional coordinates as at room
temperature (tables 2 and 4).

Analysis of the structural changes between the room-temperature and the intermediate-,
and then between the intermediate- and the high-temperature modifications of RrBGeO
allows us to conclude that the transitions are significantly different in character. Whereas
the former is of first order and displacive by nature, the latter is of second order with
both displace and order-disorder elements as found in LaBG&JO We cannot exclude
the presence of a small disordered component of the first phase transition if we assume
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a short time oscillation between the O(15)-Oflositions. Specific heat measurements
over the whole temperature interval from ambient to 800as were made for LaBGgO

[7] and recently for LaBSi@[14], could show whether or not an order-disorder component
exists in PrBGe@ since they would enable the entropy excess in the phase transition to be
determined.

In the Si analogue LaBS¥Dwe also see dramatic effects produced by isomorphic
substitution of larger Ge atoms by smaller Si: an increased pseudo-symmetry and a tilting
of the chain [8] which influence the temperature at which the phase transition occurs and
leads to a transition which is also of first order, but with an order-disorder component [14]
and a very small displacement of O(5). Twinning is also typical for the ambient-temperature
modification of LaBSiQ@.

The most remarkable feature of the high-temperature modification of all stillwellites
is the existence of double helical chains of B tetrahedra in dynamic equilibrium, which
results in the disappearance of the ferroelectric and non-linear optical properties. The
higher Curie temperature in PrBGgOT7, = 742°C, in comparison with LaBGe£)

T. = 530°C, is connected with the region of stability of PrBGgf@olar stillwellite-like
modification being at a higher temperature. Thus, PrB£&@@y be recommended as a new
material for application at high temperatures between 540 andG4@/e can expect that
high pressure applied to PrBGe@vill displace this region of application to even higher
temperatures.
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