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Using the group method, single crystals of NdSc3(BOs3)4 are grown from a melt solution and X-ray
structural studies are performed. It is shown that at room temperature the NdSc3(BOs3)4 crystal has a
huntite-type structure with space group P3;21. The temperature dependence of the heat capacity shows
anomalous behaviour at T = 504 + 1 K. This anomaly corresponds to a structural phase transition from
R32 to P3421. It is known that a similar transition occurs in RFe3(BO3)4 crystals; an anomaly in the specific
heat is also observed. Theoretical calculations are carried out from the first principles of the lattice
dynamics of the crystal under study in a high-symmetry phase with the R32 space group. An unstable
(soft) mode in the boundary point of Brillouin zone was found. It was determined that this structural
instability is responsible for the structural displacement-type phase transition R32 — P3421.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, after the coexistence of magnetic and electrical
ordering in some materials was discovered, an intensive search has
been carried out for new materials with a strong interconnection
between the magnetic and electrical subsystems [1—G]. One
promising group of compounds is the rare-earth oxyborates with
the structure of the natural mineral huntite RM3(BOs)s (R =Y,
La—Lu; M = Fe, Al Cr, Ga, Sc). These materials are currently being
intensively studied by many research groups [7—13]. It has been
established that hydroxyborates with two magnetic subsystems
(ferroborates RFe3(BO3)s4) belong to the class of multiferroics
[7,9,13].

When studying the magnetoelectric effect in huntite-like crys-
tals, the crystal structure of the object under study plays an
important role, since the magnetoelectric effect is very sensitive to
the local environment of the rare-earth ion. It is known that rare-
earth ferroborates with the huntite structure RFe3(BOs)4 at high
temperatures have a trigonal structure, which belongs to the R32
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space group. In compounds with a large ionic radius (R = La, Ce, Pr,
Nd, Sm), this structure remains unchanged even at the lowest
temperatures, while in compounds with a smaller ionic radius
(R=Eu, Gd, Tb, Dy, Ho, Er), there is a structural phase transition R32
— P3421, the temperature of which increases with decreasing ionic
radius. With such a transition, anomalies are observed in the
temperature dependences of the dielectric properties, heat capac-
ity and thermal expansion [8]. Changing the space group also alters
the symmetry of the local environment of the rare-earth ion in the
ligand field from D3 (for R32) to C2 (for P3,21).

Recently, it was discovered that aluminoborates RAl3(BO3)q4,
which have previously attracted attention mainly due to their op-
tical and magneto-optical properties [14—17], demonstrate gigantic
magnetoelectric polarisation values [18—20]. These compounds in
the entire temperature range have a crystalline structure with the
R32 space group. For example, in HoAl3(BOs3)4, the magnetoelectric
polarisation value is quite large among the known magnetoelec-
trics APay(Bp) = —5240 pC/m? (at T = 5 K in a field of 9 T) [12],
which is several times larger than the known maximum values of
the magnetoelectric polarisation in ferroborates RFe3(BO3)s. An
increase in the magnetoelectric effect is also observed when
replacing ions in HoFe3(BOs), from Fe** to Ga3* [13].

Considering that replacing the magnetic subsystem (Fe) in
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RMj3(B03)s with a nonmagnetic subsystem (Al, Ga) causes the
magnetoelectric effect to reach gigantic values, it seems promising
to explore other subclasses of hydroxyborates with the structure of
the huntite with one magnetic subsystem; for example, the rare-
earth scandoborates RSc3(BO3)s. However, before investigating
the magnetoelectric effect, it is necessary to understand which
structural state NdSc3(BO3)4 exists in.

This study describes the method of growing NdSc3(B0O3), single
crystals from a bismuth molybdate melt solution and demonstrates
the results of X-ray structural and calorimetric studies, as well as
calculations from first principles.

2. Materials and methods

A bismuth trimolybdate based melt solution was used for
growing the single crystals. The investigated melt solution system
can be expressed in the quasi-binary form:

89% weight [Bi;Mo0301 + 3 Li;03 + 2 B,03 + 0,1 Nd,03] + 11%
weight NdSc3(BO3)4

The 150 g melt solution weights were prepared at T = 1000°C by
sequential melting of the corresponding oxides (Bi»O3 (reagent
grade), MoOs (analytical grade), Li;CO3 (analytical grade), B,03
(special-purity grade), Sc;03 (special-purity grade) and SmyO0s3
(SmO-L) (domestic reagents)) in a platinum cylindrical crucible
with a 50 mm diameter and a 60 mm height. Then, the crucible
with the melt solution was placed in a furnace with a temperature
gradient, the vertical component of which at T = 1000°C decreases
at a rate of 2—3°C/cm from the bottom to the top of the crucible.

The stability regions of NdSc3(BOs)4 crystals, as well as the
corresponding ratios of melt solution components, were deter-
mined by direct phase sensing. After melt solution homogenisation
at T = 1080°C for 24 h, the temperature was reduced to the ex-
pected saturation temperature (Tsy) and a platinum wire crystal
carrier of 4 mm in diameter was immersed into the melt solution.
After 1-2 h, the crystal carrier was withdrawn and the nucleation
on it was estimated. The probings were then performed with the
temperature decreasing down to T = 850 °C with a step of
10—20 °C without overheating the solution. Thereafter, the satu-
ration temperature was determined with an accuracy of +2 °C using
test crystals. For this melt solution, the saturation temperature was
980 °C.

The lower boundary of the NdSc3(BOs3)s4 metastability zone is
defined as the maximum supercooling, where spontaneous crystals
do not form on the superheated rod for 24 h (i.e. the rod was
immersed into the melt solution at the homogenisation tempera-
ture before decreasing the temperature).

To obtain NdSc3(BOs3)4 crystal seeds, the method of limiting the
number of seeds by nucleation in a thin layer of melt solution was
used. After determining the parameters of crystallisation, in the
melt solution at a homogenisation temperature, the rod was
immersed and rotated at a speed of 40 rpm. After 2 h, the tem-
perature of the melt solution decreased by 5—7 °C below the
saturation temperature. After a further 2 h, the rod was lifted into
the colder zone of the furnace chamber (the temperature was
10—15 °C below the saturation temperature). In this case, a small
number of seeds was formed in the thin layer of the melt solution
enveloping the rod. Their number was small, since in a small vol-
ume of the remaining melt solution, the concentration of crystal-
forming oxides fell sharply. The nucleation took place within 1 h.
The rod was then again immersed into the melt solution and seeds
were grown during the day. After that, the rod was removed from
the furnace. The remains of the melt solution were removed by
boiling in a 20% aqueous solution of nitric acid. The grown seed

crystals were removed from the rod and used for growing large
crystals.

2.1. Seed growth of the crystals

Four high-quality seeds smaller than 1 mm in size were
mounted on a rod. The crystal carrier was suspended above the flux
at 7 = 1000°C. Next, the temperature was decreased to 7 = Tyt +
7°C, the crystal holder with seeds was immersed into the flux to a
depth of 25—30 mm and the rotation with a speed of 30 rpm and a
reversal period of 1 min was switched on. After 15 min, the tem-
perature was decreased to T = T3 — 5°C. Then, the temperature
was decreased by 13 °C per day, according to a special program, so
that the crystal growth rate did not exceed 0.5 mm per day. The
growth process finished in 9—13 days. The crystal carrier was lifted
above the flux and cooled to room temperature at a rate of not more
than 100 °C/h. The grown crystals were up to 5 mm in size, which is
sufficient for studying their physical properties. No spontaneous
formation and foreign phases were observed (Fig. 1).

The X-ray single crystal data from NdSc3(BOs)4 was obtained
using a SMART APEX II diffractometer (Mo K, A = 0.7106 A) at room
temperature (Krasnoyarsk Regional Center of Research Equipment
of Federal Research Center « Krasnoyarsk Science Center SB RAS»).
The matrix of orientation and cell parameters were calculated and
refined by 6416 reflections. The main information regarding crystal
data, data collection and refinement is given in Table 1.

The X-ray measurements of the NdSc3(BOs3)s crystal were
measured with the exposure time of 10 s on each frame. Each new
frame was obtained by crystal rotation along the w axis by 0.5° at
the fixed ¢ angle. The w value was increased from 0 to 182°. 364
frames were measured at each fixed ¢ equal to 0, 120 and 240°.
After that, the intensities of the reflections were integrated via
APEXII software from Bruker. Space group P3;21 was defined by
analysis of the extinction rules and intensity statistics obtained
from all reflections.

Multiscan absorption correction of the reflection intensities was
performed using APEXII software. Next, the intensities of equiva-
lent reflections were averaged. The structure of NdScAl3(BOs3)4 was
solved by direct methods using the SHELXS program [21]. The co-
ordinates of all atoms were determined (Table 2). The structural
refinement was carried out by least-squares minimisation in
SHELXL97 [22]. The thermal parameters of all ions were refined
isotropically. Two twin domains were observed because the Flack
parameter [23] after refinement was equal to 0.83 (3); therefore,
we refined the twin domain ratio Left:Right (Table 1). The crystal
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(0111)

(1101)

Fig. 1. The NdSc3(BOs)4 grown crystal.
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Table 1
Crystallographic data and main parameters of processing and refinement of
NdSc3(BO3)a.

Crystal Data

chemical formula NdSc3(BOs3)4
M, 514.36

space group, Z P3:21,3

a, (A) 9.7766 (8)

c, (A) 7.9306 (6)

v, (A% 656.47 (9)

Dy, Mg/m? 3.903

w, mm~! 8.133

size 0.3 x 0.2 x 0.1
Data Collection

wavelength MoK,, A = 0.7106 A
measured reflections 6416
independent reflections 1206
reflections with I > 2a(I) 1015
absorption correction multiscan

Rint 0.030

20max (°) 59.54

h -13 - 13

k -13 - 13

1 -10 —» 10
Refinement

R[F >2(P)] 0.0192

WR (F) 0.0758

S 0.900

weight w = 1/[c%(F2) +(0.0632P)?+-0.0559P] where

P=(F2+2F2)/3
Twin domain ratio 0.84(3):0.16(3)
number parameters/restraints  43/0

(A/0)max <0.001

Apmax, €A 0.87

Apmin, e/A3 —0.782

extinction correction coefficient 0.031 (2)
(SHELX97)

structure is presented in Fig. 2, with the main bond lengths given in
Table 3. The crystallographic data are deposited in the Cambridge
Crystallographic Data Center (CSD #1950589). The data can be
downloaded from the website www.ccdc.cam.ac.uk/data_request/

cif.

Calorimetric studies were performed using differential scanning
microcalorimetry [24]. The measurements were carried out in a
wide range of temperatures of 120—600 K at a rate of 8—16 K/min
on samples with mass of ~0.1 g.

3. Results and discussion

The crystal structure of NdSc3(BO3)4 was refined in the P3;21
space group, which is similar to the model described in Ref. [25].
Unfortunately, this P3121 model contradicts the P321 model sug-
gested for NdSc3(BOs3)4 by authors [26]. We tried to refine model
P321 using our data, but Rpagg factor increased almost five times
(up to 10.02%) and some thermal parameters became negative
while others became very large, which is unusual. Therefore, we
suggest that P321 model is not valid. It should be noted that P3;21
differs from P321 by the absence of 00L reflections with L not equal
to 3n (n - integer value except zero). Authors [26] have reported
that they observed 0OOL reflections L = 2n + 1 with I > 3 sig(I), i.e.,
they proved that P3;21 model is invalid, but P321 is acceptable.
However, checking CIF file that was attached to the Supporting
Information revealed that (001) reflection has a module of struc-
tural intensity 8.56+15.43, i.e,, I is much less that sig(I) and even
much less than 3sig(I). All other reflections: (002); (004); (005);
(007); (008); (0010); (0011) have 6.52+19.30; 15.14+20.74;
1.20+13.60; 13.47+12.96; 8.58+25.25; 39.01+27.98; 3.00+14.17,
respectively, i.e, again all (I) values are much less than 3sig(I) and
they could not be considered as observable. In this case the authors
should try to refine crystal structure in P3;21 model also, which
they did not, in addition to not comparing the models. Therefore,
we can conclude that P321 could be incorrectly chosen and assume
that our model P3121 is more reliable. In addition, the P3:21 model
has only one Nd3*, two Sc3* and three B3+ ions in the asymmetric
part of the unit cell, but P321 has more ions in the asymmetric part:
two Nd3*, two Sc* and four B3* ions. Thus, P3;21 uses a smaller
number of refined parameters and is generally speaking more
symmetric.

The neodymium scandoborate NdSc3(BOs3)s has the P3421

Table 2
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2). Calculated lattice parameters: a = 9.8479 A, ¢ = 8.0053 A.

Atom Wyck. pos. X y z Uiso

Nd 3a exp 0.666894 (16) 0.666894 (16) 0 0.0076 (2)
calc 0.6656 0.6656 0

Scl 3a exp 0.11740 (12) 0.11740 (12) 0 0.0070 (3)
calc 0.1173 0.1173 0

Sc2 6¢ exp 0.78957 (11) 0.45316 (11) 0.34475 (8) 0.0074 (2)
calc 0.7905 0.4537 0.3459

01 3b exp 0 0.9208 (3) 1/6 0.0172 (7)
calc 0 0.9209 1/6

02 6¢ exp 0.4199 (3) 0.7242 (2) 0.1282 (3) 0.0138 (5)
calc 0.4202 0.7226 0.1254

03 6¢ exp 0.8803 (3) 0.6913 (3) 0.8240 (4) 0.0127 (6)
calc 0.8787 0.6908 0.8236

04 6¢ exp 0.8575 (4) 0.6423 (3) 0.1845 (4) 0.0123 (6)
calc 0.8574 0.6425 0.1848

05 6¢ exp 0.4716 (5) 0.1409 (5) 0.8425 (2) 0.0094 (8)
calc 0.4718 0.1415 0.8421

06 3b exp 0.1919 (5) 0 5/6 0.0101 (9)
calc 0.1914 0 5/6

o7 6¢ exp 0.4718 (3) 0.4685 (3) 0.8154 (4) 0.0125 (6)
calc 0.4708 0.4695 0.8150

B1 3b exp 0.3318 (4) 0 5/6 0.0104 (18)
calc 0.3320 0 5/6

B2 6¢ exp 0.5488 (5) 0.8729 (5) 0.1516 (4) 0.0111 (10)
calc 0.5487 0.8715 0.1506

B3 3b exp 0 0.7811 (6) 1/6 0.0118 (12)
calc 0 0.7801 1/6
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Fig. 2. Crystal structure of NdSc3(BOs3)4.

Table 3

Bond lengths (A) of NdSc3(BOs3 ).
Nd—07' 2418 (3) Sc2—05" 2,122 (3)
Nd—07 2418 (3) Sc2—02XV 2.134(2)
Nd—03i 2421 (3) Sc2—02%" 2.1489 (19)
Nd—03' 2.421 (3) B3-01 1.366 (7)
Nd—04 2474 (3) B2-02 1.381 (5)
Nd—04i 2474 (3) B2 —03 1.371(5)
Nd—O02 2.921(2) B3 —04 1.383 (4)
Nd—02f 2.921(2) B1-05 1.374 (5)
Sc1—03" 2.058 (3) B1-06 1.368 (6)
Sc1—03Y 2.058 (3) B2l _g7 1.368 (4)
Sc1—06' 2.105 (3) B1—05%%V 1.374 (5)
Sc1—06'! 2.105 (3) B2—07 1.368 (4)
Sc1—01Vvi 2.134(2) B2—031 1.372 (5)
Sc1—01Viil 2.134(2) B3—04%X 1.383 (4)
Sc2—04 2.061 (3) B3—04V! 1.383 (4)
Sc2—O7Xi 2.083 (3)
Sc2—05ii 2.118 (3)

Note: Symmetry codes: (i) x, y, z-1; (ii) y, X, -z+1; (iii) y, x, -z; (iv) -y+1, x-y, z-2/3; (v)
X-y, -y+1, -z+2[3; (vi) -y, x-y, z-2/3; (vii) -x + y-1, -x, z-1/3; (viii) x, y-1, z; (ix) -x + ¥,
=X, z-1/3; (X) -y, x-y, z+1/3; (xi) -y+1, x-y, z+1/3; (xii) -x + y, -x+1, z-1/3; (xiii)
-X 4+ y+1, -x+1, z-1/3; (xiv) -x+1, -x + y, -z+1/3; (xv) x-y+1, -y+1, -z+2/3; (xvi)
X + y+1, -x+1, z+2/3; (xvii) x, y+1, z; (xviii) -y, x-y+1, z+1/3; (Xix) -x+1, -x + y+1,
-z+1/3; (xX) X, y, z+1; (xxi) Xx+1, y, z; (xxii) -x + ¥, -x, z+2/3; (xxiii) -x + y, -x+1, z+2/
3; (xxiv) x-y, -y, -z+5/3; (xxv) -y+1, x-y+1, z-2/3; (xxvi) x-1, y, z.

structure at room temperature. However, it is known that all the
isostructural compounds RFe3(BO3)4, RAI3(BO3)4 and RGas(BOs3),4 at
high temperatures have R32 structure [8,12,13]. This suggests that
with increasing temperature, starting from the room temperature,
one can expect a rearrangement of the crystal structure from P3;21
to R32. To verify this hypothesis, calorimetric studies were carried
out.

In order to obtain information on the integral characteristics of
the phase transition, the temperature dependence of the heat ca-
pacity C,(T) was determined by calibrating the JSM signal by the
dependence of the heat capacity for the reference sample
(corundum). Fig. 3 shows the component of heat capacity AC,,
which is calculated from the relation AC, = C,, — Creg, Where Creg —
is the regular part of the heat capacity, obtained by approximating
the temperature dependence of the total heat capacity C,(T) in the
regions far from the phase transition area. One can see that in the
region T = 504 + 1K, the temperature dependence of AC, shows an
anomaly that can be related to the proposed phase transformation
P3121— R32, similar to phase transitions in ferroborates RFe3(BO3)4
[8].

The magnitude of the enthalpy change during the phase

transition was AH = 1050 + 50 J/mol. From the temperature
dependence of the heat capacity AC,(T), the enthalpy change value
was determined as AS = [(ACp/T)dT, which characterises the phase
transformation at Ts (AS = 2.1 + 0.2 J/mol-K). The enthalpy change
AS = R-In1.3 shows that the R32—P3:21 phase transition is a
“bias”-type transformation and is related to structural distortions.

To confirm that the anomaly of the temperature dependence of
the heat capacity corresponds to the P3;21 — R32 phase transition,
calculations from first principles were performed.

Lattice dynamics calculations were carried out using the
projector-augmented wave (PAW) method [27] within density
functional theory (DFT), as implemented in the VASP code [28,29].
We used the generalised gradient approximation (GGA) functional
with Perdew-Burke-Ernzerhof (PBE) parametrization [30]. Elec-
tronic configurations were chosen as follows: Nd, 5p®5d'6s%; Sc,
3p®3d24s'; B, 2s%2p!; and 0, 2s%2p*. Nd 4f electrons were assumed
as “frozen” in the core. The plane-wave cut-off was set at 600 eV.
The size of the k-point mesh for Brillouin zone, based on the
Monkhorst-Pack scheme [31], was 7 x 7 x 7. The phonons were
calculated by constructing a supercell (2 x 2 x 2) and calculating
the force constants using the small displacement method imple-
mented in PHONOPY [32].

For the NdSc3(BO3)4 compound, the equilibrium values of the
lattice parameters and atomic coordinates in phase with the
structure of the huntite mineral and the R32 space symmetry group
were calculated, which were later used to calculate the lattice dy-
namics. Based on the calculation of the crystal lattice dynamics, the
full phonon spectrum of the studied crystal in the R32 phase was
obtained (Fig. 4). In this phase, the primitive cell has the form of a
rhombohedron with an angle between the lattice vectors o > 90°.
For such case, the shape of the Brillouin zone and its boundary
points are shown in Fig. 5. The third order symmetry axis passes
through I' and Q points, second order symmetry axis passes
through I and F. A and A; points are translated into each other by
the second order symmetry axis. According to the results of group-
theoretical analysis (see, for example, the ISOTROPY software) [33]
phase transition R32 (Z = 1) — P3421 (Z = 3) is related to one
component of the two-dimensional full representation A3 (star-
representation of Az contains two vectors q, = 1/3 (-2bq + by + b3)
and qa1 = —1/3 (-2bq + bz + bs3)).

The obtained phonon spectrum is, at least, qualitatively similar
to the previously calculated spectra for RFe3(BOs3)4 crystals [34,35].
The main feature of the obtained spectrum is the significant
deflection of the acoustic vibration branch in the vicinity of the
boundary point A (Fig. 4). Vibrational frequencies belonging to this
branch, in the nearest neighbourhood of the A point take imaginary
values, reaching the largest absolute value at the A point itself.

In the framework of the used approach, the presence of an
imaginary mode indicates the instability of the crystal lattice with

400
300 A
2
o) ]
E 200
=
~a 100 A
QO
3

490 495 500 505 510 515
7,K

Fig. 3. Temperature dependence of the excess heat capacity.
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L]

Fig. 4. Theoretically calculated phonon spectrum along high-symmetry directions of
the first Brillouin zone of NdSc;3(BOs3),4 in the R32 structure (the A; point is between P,
and Q). Imaginary modes are shown by negative values.

Fig. 5. Brillouin zone with symmetry points and reciprocal lattice vectors of the
trigonal R32 symmetry group.

respect to the structure distortion according to its own eigenvector.
Indeed, the displacement of ions in the crystal under study along
the eigenvector of the soft mode at the A point with the corre-
sponding tripling of the cell is energetically favourable and leads to
a structure with a spatial symmetry group P3¢21. It is this structure
that was observed experimentally in the present work (see above)
at room temperature for an NdSc3(BO3)4 crystal by X-ray diffrac-
tion. The lattice parameters and relative atomic coordinates
calculated from first principles, which correspond to the minimum
total energy of the NdSc3(BO3)4 crystal in the P3421 are in good
agreement with the experimental data obtained (see Table 2).

4. Conclusions

Single crystals of rare-earth oxyborate with the huntite struc-
ture NdSc3(B0Os3)4 were grown from a melt solution based on bis-
muth trimolybdate. The lattice parameters and the crystal structure
of the grown crystal are determined by X-ray diffraction methods. It
was shown that at room temperature NdSc3(BO3)4 has the P3;21
space group.

Differential scanning microcalorimetry researches showed that
with increasing temperature a structural transition takes place at
T=504+1K

To clarify the nature of the phase transition, first principles
calculations were performed within the framework of DFT. Based
on the calculation of the crystal lattice dynamics, the full phonon
spectrum of the investigated crystal was obtained in the R32 phase.
The main feature of the calculated spectrum is the significant
deflection of the acoustic branch of vibrations in the vicinity of the
boundary point A, which indicates the instability of the crystal
lattice in relation to the distortion of the structure along its

eigenvector. Such distortions with a corresponding tripling of the
cell lead to a structure with a space group P3421. This structure was
observed experimentally in the present work at room temperature
for a NdSc3(BO3)4 crystal by X-ray analysis. The lattice parameters
and relative atomic coordinates calculated from first principles,
which correspond to the minimum total energy of the NdSc3(BO3)4
crystal in the P3121 phase, are in good agreement with the exper-
imental data obtained.

Taking into account the data from X-ray structural analysis and
calculations as well as the literature regarding phase transitions in
RFe3(BO3)4 crystals, we can assume that the anomaly in the tem-
perature dependence of the heat capacity observed in the present
work corresponds to a structural phase transition of the displace-
ment type, from phase with the R32 space group to a phase with
the P3421 space group.
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