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S$1. Analysis of temperature dependencies of lattice parameters

The temperature dependence of the unit cell parameters a, b, ¢, and volume V' of neodymium iron borate
(Ndo.01Bio.09)Fe3(BO3)s was obtained in the range 20 — 293 K with a step of 5-10 K using a single-crystal
HUBER-5042 diffractometer with a point detector, equipped with a closed-cycle helium cryostat DIPLEX
DE-202 (Dudka et al., 2017a and 2017b).

The temperature dependence of the unit cell parameters a, b, ¢ and volume V of the (Ndo.01Bio.00)Fes(BO3)4
crystal in the range 90 — 500 K was obtained using a CCD Xcalibur EOS S2 diffractometer (Rigaku Oxford

Diffraction) with a Cobra Plus (Oxford Cryosystems) temperature attachment with open-flow nitrogen cooling.

To compare the structural data, temperature dependencies of a, b, ¢, and V of Nd-iron borate measured using
the CCD Xcalibur diffractometer were normalized to the curves obtained using the reference diffractometer

HUBER-5042 (Dudka et al., 2016).

When calculating the parameters of the crystal lattice, the setting angles of few reflections (24-96) are
measured using a diffractometer with a point detector (HUBER-5042, CAD-4f Enraf-Nonius). This technique

has several advantages.

First, the position of the center of gravity of the reflection is determined after careful measurement of its profile
with a small step (0.001-0.01 degrees, 48-96 points per line). When using a diffractometer with a CCD-
detector, the scanning angle step is usually 0.3-1 degrees (0.5 degrees in this work), which introduces a
noticeable error in the value of the calculated center of gravity of the reflection profile, especially in the

presence of a K,-doublet in the radiation (Paciorek et al, 1999).

Secondly, the list of reflections for refinement of the orientation matrix and unit cell parameters using a
diffractometer with a point detector is balanced, which ensures compensation for many systematic errors of
the diffractometer. The most important in this aspect is the use of sets of reflections, uniformly distributed in
reciprocal space and measured at angles 0 that are identical in absolute value but different in sign. When a
diffractometer with a two-dimensional CCD detector is used, the systematic errors are compensated by the
large redundancy of measurements, but the measurement conditions are not sufficiently balanced, which
results in incomplete compensation. In particular, due to time constraints, detector positions at negative angles

0 are rarely used.

It is of great importance also to consider the sample eccentricity (Hamilton, 1974), which is not compensated

by the CCD Xcalibur EOS S2 diffractometer.

A consequence of the methodological imperfections of diffractometers with a two-dimensional CCD detector
is that the calculated error of the unit cell parameters increases by up to 10 times (Dudka & Mill, 2014; Tyunina
et al. 2010), and there is a systematic deviation of unit cell parameters from the parameters obtained using

diffractometers with a point detector.
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Therefore, the matching coefficient of the lattice parameters, obtained using the CAD4f Enraf Nonius (N) and
CCD Xcalibur EOS S2 (X) diffractometers, was calculated in (Dudka et al. 2019b; Khrykina et al., 2020):

k1 =N/X =1.000470828275271 ()
as well as CADA4f Enraf Nonius (N) and HUBER-5042 (H) diffractometers matching coefficient:

ko = N/H = 0.99998072 ).

Hence, the ratio of the lattice parameters for the HUBER-5042 (H) and CCD Xcalibur EOS S2 (X)
diffractometers:
kilk, = H/X = (N/X) / (N/H) (3);
X =H*k2/kl =H * 0.99998072/1.000470828275271 =H * 0.9995101303  (4).

Thus, the final coefficient for the transformation of the lattice parameters a, b, ¢ is k= 0.9995101303.

Uncalibrated values of the unit cell parameters obtained at room temperature with a CCD Xcalibur EOS S2

diffractometer are a = 9.58150 (10) A, ¢ = 7.59700(10) A, ¥ = 603.878(12) A>.
After transforming the parameters using the coefficient £ =0.9995101303, we have:
Aeonverted= 9.58150 /0.9995101303 = 9.5862(1) A,

Coonverted=7.59700 / 0.9995101303 = 7.6007(1) A,

Veonvered = 603.878/0.9995101303% = 604.174 (12) A°,

Initial measured CCD Xcalibur values of @, b, ¢ and V are shown in Fig. S1 (left). The values transformed
using the matching coefficient are shown in Fig. S1 (right). It is easy to see, that the temperature curves
measured using a CCD Xcalibur EOS S2 diffractometer fit well the curves obtained using a HUBER-5042

diffractometer.

It should be noted that the coefficient £ = 0.9995101303 was originally obtained when structural data for
another family of compounds were brought in accordance (Dudka et al. 2019b; Khrykina et al. 2020). The
good agreement of the k-transformed temperature curves for the lattice parameters of the
(Ndo.01Bio.09)Fe3(BO3)4 crystal confirms that the reason for the discrepancy between the data is the instrumental
model. The matching coefficients obtained for different diffractometers can be used to measure the lattice

parameters of various compounds.
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Figure S1 Temperature dependence of parameters a, b, ¢ and unit cell volume V of (Ndo.91Bio.09)Fe3(BO3)4
single crystal. The values obtained directly with CCD Xcalibur EOS S2 and HUBER-5042 diffractometers are
on the left. The values obtained using a CCD Xcalibur EOS S2 diffractometer, brought in accordance with the
temperature dependence obtained with the “reference” Huber diffractometer using the coefficient £ =

0.9995101303 are on the right.

S2. Determination of characteristic temperatures and static displacements of cations using the
DebyeFit program

The structural analysis allows one to determine the position of the scattering centers of atoms, as well as the
atom deviations from equilibrium positions. Atomic displacements are defined as the density of the probability
of atoms in a certain point in space. In the traditional method, their contribution to the structure factor is
independent of temperature (Willis & Pryor, 1975). Temperature-dependent ADP models (Biirgi et al. 2000;
Hoser et al. 2016) have not become as widespread as a probabilistic model, due to inaccurate describing
experimental data. The reason for the insufficient accuracy of the models, which have more physical meaning

than the probabilistic model, is that taking into account only the dynamic component is insufficient. The
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physics of X-ray, neutron and electron scattering is such that the calculated ADPs include both thermal motion
and static atomic disordering (Trueblood et al. 1996).
Recently, to describe the temperature dynamics of ADP, Dudka et al. (2019a) proposed extended Einstein and
Debye models, which application yields agreement between model and experimental data at a precision level
of 0.3-2%.
The atomic displacement parameters in the extended Debye and Einstein models are considered as a
combination of quantum zero-point vibrations (temperature-independent), thermal vibrations, and static atomic
displacements (temperature-independent). Hence, the experimental U., can be described by the model

Ucale = Xupt (1-X) up + Ustatic 4,
where xug and (1-x)up is a phonon contribution to the Einstein and Debye approximations;
Ustatic 18 a static shift of an atom from its position in the structural model;
x1is a refined parameter that determines the degree of interaction of an atom with its surroundings in the crystal
lattice.
The average vibration frequency of the selected atom and its characteristic Einstein temperature 7x can be

obtained by substitute x = 1. This option is most suitable for loosely bound atoms:

= (i1 5)
uE - 47T2kBmaTE 2 exp(T?E)_l ’

The maximum vibration frequency of the selected atom and its characteristic Debye temperature 7p
correspond to x = 0, which is most suitable for atoms strongly associated with the environment:
2 2 Tp
ue = g (1 (7) 0 o ) (©)
The contribution of the Einstein or Debye models to atomic displacements consists of zero-point quantum
oscillations ugo or upo, and a temperature-dependent part ug(7) wm up(7), which can be associated with the
thermal motion of atoms.
Specifically,
ug = ugo+ ue(7T) @)
and
up = upo + up(7) (8).
An estimate of the zero-point vibrations of atoms ugo or upo can be obtained by substitute 7= 0 in the
Einstein or Debye formulas, respectively.
Atomic displacements, which do not originate from thermal vibrations (Dudka et al. 2019q):
Ushift = UE0 T Ustatic )
or
Ushift = UDO T Ustatic (10).
The listed parameters are determined by minimizing the difference between experimental and model data:
> (ucalc - uobs)2 — min.
Good agreement between the model parameters of the displacement uc.c and the experimental equivalent
parameters of the displacement U,, can be obtained only when: (1) a special data collection procedure applied

aimed at obtaining reproducible results; (2) correct determination of the crystal temperature during
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measurements takes is ensured; (3) the static shift of atoms is accounted for, i.e. when using an extended model

which includes the wucqc term.

S$3. Atomic coordinates and equivalent isotropic displacement parameters in the

(Ndo.91Bio.00)Fe3(BO3)s structure at several temperatures

Table S1 Atomic coordinates and equivalent isotropic displacement parameters in the

(Ndo_91Bio,o9)Fe3(BO3)4 structure at 90 K.

Nd1 / Bil (3a)
Fel (9d)

O1 (%e)

02 (%e)

03 (18f)

Bl (3b)

B2 (9e¢)

x/a

0

0.217477(12)

0.14420(6)
0.40981(7)
0.02648(5)
0

0.55382(9)

y/b
0
0.333333
0.14420(6)
0.40981(7)
0.21492(6)
0
0.55382(9)

z/c
0
0.333333
0.5
0.5
0.18474(7)
0.5
0.5

Usyy A2
0.003628(10)
0.00302(2)
0.00430(9)
0.00574(11)
0.00499(8)
0.00390(19)
0.00434(16)

Table S2 Atomic coordinates and equivalent isotropic displacement parameters in the

(Ndo_91Bio,o9)Fe3(BO3)4 structure at 293 K.

Nd1 / Bil (3a)
Fel (9d)

O1 (%e)

02 (%e)

03 (18f)

B1 (3b)

B2 (9¢)

xla

0
0.217434(13)
0.14411(6)
0.41011(8)
0.02649(6)

0

0.55389(9)

vib
0
0.333333
0.14411(6)
0.41011(8)
0.21516(7)
0
0.55389(9)

zle
0
0.333333
0.5
0.5
0.18501(8)
0.5
0.5

Ueqy, A2
0.007899(16)
0.00530(2)
0.00679(11)
0.01057(15
0.00836(11)
0.0055(2)
0.00638(19)

Table S3 Atomic coordinates and equivalent isotropic displacement parameters in the

(Ndo.01Bi0.09)Fe3(BO3)4 structure at 500 K.

Nd1 / Bil (3a)
Fel (9d)

O1 (%e)

02 (%e)

03 (18f)

B1 (3b)

B2 (9¢)

xla

0
0.21730(2)
0.14399(9)
0.41041(11)
0.02643(9)
0
0.55400(13)

vib
0
0.333333
0.14399(9)
0.41041(11)
0.21507(10)
0
0.55400(13)

z/c
0
0.333333
0.5
0.5
0.18507(12)
0.5
0.5

Ueq, A2
0.01219(3)
0.00786(4)
0.0098(2)
0.0153(3)
0.0123(2)
0.0077(4)
0.0088(3)
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