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Abstract—85 RM;(BOs3), (R is the rare-earth element (Y, La—Lu) and M = Al, Sc, Cr, Fe, or Ga) com-
pounds with the huntite structure have been analyzed. The analysis of the structures has made it possible to
determine critical atomic displacements during the phase transition R32 <> P3,21 and establish how these
critical displacements can be controlled by varying the ionic radii. A tolerance factor has been derived and its
threshold value below which the structure is stable in the R32 phase and above it, in the distorted P3,21 phase,
has been found. The formula has been tested on more than 30 huntite-family compounds and good agree-
ment has been obtained. Therefore, it can be used with confidence to predict new compounds. At the
moment, the tolerance factor has allowed us to establish previously unknown regularities in huntites.
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1. INTRODUCTION

In the last few decades, borate crystals have evoked
a great interest due to a wide variety of their structures
[1]. Borates are optically transparent in a wide spectral
range and have the high chemical and mechanical sta-
bility. Borates with a huntite structure (CaMg;(CO;),
huntite, sp. gr. R32) attract close attention by their
valuable magnetoelectric [2, 3] and spectroscopic [4—
6] properties promising for engineering applications.
The general formula of the huntite-family borates is
RM;(BO;),, where R is the rare-earth element (Y,
La—Lu) and M is Al, Sc, Cr, Fe, or Ga.

The RM;(BO,), crystal structure type depends on
chemical composition and crystallization conditions
(Table 1). In each structure, three types of coordina-
tion polyhedra are distinguished: trigonal prisms ROy,
octahedra MOy, and polyhedra BO; in the form of tri-
angles. In the most wide-spread phase with the R32
symmetry, there is one ROg, one MOg, and two BO5 in
the independent part of the cell (Fig. 1). Along with
the R32 phase, the trigonal P3,21 and P321 and mono-
clinic C2/c, Cc, and C2 phases have been noted. How-
ever, for huntites, no quantitative measure has been
proposed yet that would allow one to estimate the for-
mation of a desired phase and make a quick symmetry
forecast. Such a measure, as a rule, is the tolerance
factor, which is an indicator of the stability and distor-
tion of crystal structures [7]. Initially, it was only used
to describe the perovskite structure [8], but, at present,
the tolerance factors are used also, e.g., for ilmenite

[9], garnets [10], pyrochlores [11], and chalcogenides
with the general formula ABCX; [12].

In this work, we propose a tolerance factor for
determining the stability of the R32 phase of huntite-
like crystals and its threshold value corresponding to
the transition to the P3,21 phase. The derived formula
can be used to predict the phase symmetry and, con-
sequently, some properties of a substance, using only
the assumed chemical formula.

2. EXPERIMENTAL

To establish the regularities of the formation of dif-
ferent huntite phases, it was decided to collect data on

B10;

B20,

RO,

Fig. 1. Crystal structure of the RM3(BO3)4 compound in
the R32 phase. The independent part of the cell is outlined
with a circle.
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Table 1. List of basic huntite compounds with the general
chemical formula LnM(BOj3), from the COD and ICSD
databases (the compounds are sorted ascending the toler-
ance factor (7 factor) and classified by space groups)

Sp. gr. Ln M |IRLn, A|IR Me, A| tfactor
R32 Nd Al 1.109 0.535 1.603
R32 Eu Al 1.066 0.535 1.633
R32 Gd Al 1.053 0.535 1.642
R32 La Fe 1.160 0.645 1.644
R32 Nd Ga 1.109 0.620 1.663
R32 Y Al 1.019 0.535 1.666
R32 Ho Al 1.015 0.535 1.669
R32 Er Al 1.004 0.535 1.677
R32 Nd Fe 1.109 0.645 1.680
R32 Tm Al 0.994 0.535 1.684
R32 Eu Cr 1.066 0.615 1.689
R32 Yb Al 0.985 0.535 1.690
R32 Y, 5Big s Fe 1.095 0.645 1.690
R32 Gd Cr 1.053 0.615 1.699
R32 Sm Fe 1.079 0.645 1.701
R32 La Sc 1.160 0.745 1.715
R32 Gd Fe 1.053 0.645 1.720
R32 Ce Sc 1.143 0.745 1.727
R32 Tb Fe 1.040 0.645 1.729
R32 Er Cr 1.004 0.615 1.733
R32 Er Fe 1.004 0.645 1.754
P321 | Yg04Bigos | Fe | 1.028 | 0.645 | 1.737
P3,.21 Dy Fe 1.027 0.645 1.738
P321 |Hoge;Bigoy| Fe | 1.021 | 0.645 | 1.742
P3,21 Nd Sc 1.109 0.745 1.751
their possible structures from the COD

(http://www.crystallography.net/cod/) and ICSD
databases. About 85 structures were found at different
synthesis and shooting temperatures. All the phases
can be roughly divided into trigonal (R32, P3,21, and
P321) and monoclinic (C2/c, Cc, and C2). The mono-
clinic phases are significantly different from the trigo-
nal ones in their structure and properties [ 13] and were
not considered in this work. Recent investigations [14]
showed that the P321 phase observed previously in
NdSc4(BO;), is most likely erroneous and the more
correct model P3,21 was chosen for it. Therefore, the
R32 and P3,21 phases were of particular interest, since
they cover most of the stored structures. In addition, it
should be noted that the phase transition R32 <> P3,21
can occur both in temperature and in composition,
which was reported earlier in [15—18]; therefore, it is
especially interesting to derive the tolerance factor for
these particular phases. In this work, the trigonal
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phases R32 and P3,21 (see Table 1) were studied under
normal conditions. Here, we did not consider the
symmetry changes with temperature, since the toler-
ance factor suggests the effect of only geometric char-
acteristics on symmetry and our goal was to establish
the regularities only for the RM;(B0O;), composition.
It should be noted that the dependence of the tem-
perature of the phase transition R32 <> P3,21 on ionic
radii has been already studied [15] and the conclusion
about the linear dependence 7'= A4 X IR(R) + B has
been made, where A and B are the coefficients and
IR(R) is the ionic radius of a rare-earth element
(Y, La—Lu), which was confirmed in part in [16].

To establish the regularities of the transformation
of R32 into P3,21, we thoroughly compared the
TbFe;(BO,), structures in the R32 (300 K) and P3,21
(2 K) phases [18] using the ISODISTORT software
[19]. It was found that, during the phase transition, the
boron triangle B10; and the prism TbOg4 do not
undergo any particular changes. However, the B20,
triangle splits into two positions, B20; and B30;, and
the FeOg4 octahedron also splits into two positions,
FelO4 and Fe20Oq. According to the ISODISTORT
analysis of distortion modes, the largest displacement
in the structure is experienced by the O, atom belong-
ing to the B20; boron triangle (Fig. 2). It is this critical
displacement that leads to the symmetry change.

The O2 atom is located in a cavity bounded by the
Fe2—02—B2—-07-Tb—03—-B2—07—-Tb—04 atoms
(Fig. 2). It was assumed that the size of this cavity in
the direction of the greatest displacement of the O2
atom (Fig. 2) affects the stability of the R32 phase. If
the cavity is small, then it is difficult for the O2 atom
to move; therefore, there are no critical displacement
and phase change in P3,21; i.e., the R32 phase is
retained. If the cavity is large, then the O2 atom is eas-
ily displaced in the arrow direction and the R32 phase
passes to P3,21.

It was decided to calculate the size of this cavity
using the data on the radii of ions forming the struc-
ture. It can be seen in Fig. 3 that this cavity is equal to
the difference between the length of the upper row of
ions

L1 = IR(B) + 2x IR(O) + 2 x IRM)

1

+ IR(O) + IR(B) (1
and two ionic radii of ion R: 2 X L2 =2 X [R(R). The
ratio between the difference L1 — 2 X L2 and the oxy-
gen ion size L3 = 2 X [R(O) is a tolerance factor that
determines the symmetry of the huntite phase for any
composition:

t:Ll—2><L2. Q)

L3
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Fig. 2. Change in the TbFe3(BO3), structure during the
phase transition from R32 (300 K) to P3,21 (2 K). The O2

atom undergoing the largest displacement during the
phase transition is outlined with a circle. The direction of
displacement upon cooling is shown by an arrow.

Substituting Eq. (1) into (2) and making simplifi-
cations, we arrive at

f= IR(B +2)x [R(O) + IR(M) — IR(R)

3
IR(O) ’ )

where TR(O) = IR(O*, CN = 6) = 1.42 A is the oxy-
gen ionic radius, IR(B) = IR(B*3, CN =3)=0.01 A is

Schematic
view

Ln
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the boron ionic radius, /JR(M) = IR(M3*, CN = 6) =
0.6—0.75 (A) is the radius of a metal ion, /R(R) =
IR(Ln3**, CN = 8) = 0.8 — 1.7 (A) is the radius of a
rare-earth ion, and CN is the coordination number for
a specific ion. In this work, the coordination number
CN = 8 is used for the rare-earth ions R, since, along
with six nearest oxygen atoms with a distance of d(Ln—
0)~24 A, there are two more oxygen atoms with a
distance of d(Ln—0) ~ 2.8 A. As a result, the polyhe-
dron has the form of a two-cap trigonal prism. The
Shannon ionic radii were used [20].

3. RESULTS

For all the investigated compounds, the tolerance
factor was calculated using formula (3) and the sub-
stances were sorted in Table 1 according to this 7 value
from the minimum to the maximum. The sorting
divided the groups of trigonal phases into two sub-
classes with a threshold tolerance factor of 7, = 1.737.
The factor smaller than this value leads to the R32
phase. The factor larger than this value leads to the
P3,21 phase, except for the ErFe;(BO;), (R32) com-
pound, which has an anomalously large factor (1.754).
This point (Fig. 4) can be a random outburst and,
either this crystal has different chemical composition
or the phase is actually P3,21 rather than R32. Most of
the compounds are easily divided into two subclasses
and we can assume that the formula for the tolerance

L1

< >

IRB)} 2IRO) 5 ravy 2IRO), i jpep)

P
3=t
: 21R(0):

> >

R CECLEELEEEED

L2=1IR(Ln) L1-212 L2

t=(L1-2L2)/L3

Fig. 3. (a) Coordination environment of the boron triangle BO3 in RM3(BO3),. lons RH, MH, B3+, and O2 are shown by
spheres with the radii similar to ionic radii. (b) Characteristic ion sizes and main lengths used in the calculation of the tolerance
factor 7.
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Fig. 4. Diagram of the distribution of the R32 (circles) and
P3,21 (squares) phases of the available RM3(BO3)4 com-

pounds over the ionic radii /R(M) and /R(R). The oblique
line characterizes the boundary compounds with a toler-
ance factor of # = 1.737. All the compounds below this line
are in the R32 phase and those above it, in the P3,21 phase.

Only one circle is located beyond its zone, which can be an
outburst.

factor does contain data on the stability region of the
R32 phase.

Analysis of formula (3) shows the existing differ-
ence between the contributions of M and R ions to the
stability of the R32 phase in the RM;(BO;), com-
pounds. First, an increase in the R ionic radius
reduces the tolerance factor and leads to the R32
phase, while an increase in the M ionic radius, on the
contrary, increases the probability of implementation
of the distorted P3,21 phase. Second, /R(M) and
IR(R) have different ranges: /R(M) is within 0.6—
0.75 (A) and the ionic radius of all the possible R ions
ranges between 0.8—1.25 (A) (Table 1). Consequently,
the R ion makes a greater contribution to the tolerance
factor ¢ and affects more strongly the stability of the
R32 phase.

Using this knowledge, one can immediately predict
that the compounds with R = La, Pr, Nd, Pm, Sm,
and Eu will most likely be in the R32 phase, since, at
any known M values, the tolerance factor will be
smaller than 1.737. This can easily be confirmed by
calculating the tolerance factor for some compounds
that have not been obtained in real experiments yet. As
an example, let us consider the compounds with the
chemical compositions PrFe;(BO;), and LaAl;(BO;),
and use the ionic radii JR(Pr) = 1.126 A, IR(Fe) =
0.645 A, IR(La) = 1.16 A, and IR(Al) = 0.535 A. As a
result, we obtain #(PrFe;(BO;), = 1.668 and
t(LaAl;(BO;), = 1.567, which is much lower than a
threshold value of 7, = 1.737 and these compounds will
most likely exist in the R32 phase under normal con-
ditions. It should be noted that, for the huntite
CaMg;(CO;), (IR(Ca) = 1.12 A, IR(Mg) = 0.72 A,
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IR(C) = —0.08 A, and /R(O) = 1.42 A) the tolerance
factor is = 1.662; therefore, the huntite should exist in
the R32 phase, which is actually the case. Hence, the
formula is most likely applicable not only to borates,
but also to other compounds with different composi-
tion.

4. CONCLUSIONS

By now, a great number of huntites RM;(BO;),
have been discovered, but, until recently, there has
been a lack of clear understanding of the mechanism
of R32 phase stabilization and the processes leading to
the structural distortion. In this work, it was found
that the rotation of only one boron triangle BO; of the
two and, consequently, the displacement of one oxy-
gen atom is the most critical and leads to the phase
transition R32 <> P3,21. Understanding of this fact
allowed us to derive a formula for the tolerance factor
_ IRB +2)x IR(O) + IRM) — IR(R)

1R(O)
nificantly contributes to further investigations and

prediction of the structures of huntite-family com-
pounds.

t

, which sig-

The tolerance factor for the available huntite-fam-
ily compounds was calculated and its threshold value
1, = 1.737 was determined. All the tolerance factors
higher than this threshold will correspond to the P3,21
phase. All the tolerance factors below 1.737 form the
stability region of the R32 phase.

It was established from the formula for the toler-
ance factor that the larger the ionic radius of the rare-
earth element R and the smaller the ionic radius of the
metal M, the more probable the R32 phase. Vice versa,
the smaller the R ionic radius and the larger the M
one, the higher the probability of existence of the dis-
torted P3,21 phase under normal conditions.

The prediction of the ¢ factor describes well the
phase separation of the compounds by symmetries, as
can be seen in Table 1 and Fig. 1. Therefore, this for-
mula can be used with confidence to predict new com-
pounds.
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