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Regulation of the phase transition temperature and hysteresis width by changing
the composition of Eu;_,La,Fe3;(BO3)4 solid solution
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A detailed study of the structural phase transition in Eu;_,La,Fe;(BOs), mixed crystals as a function of
composition is reported. By analyzing a frequency shift of an electronic f-f transition in high-resolution optical
spectra of Eu*" ions, we detected a decrease in the phase transition temperature T; from 87.05 to 12.2 K (upon
cooling) and a simultaneous increase in thermal hysteresis AT, from 0.29 to 4.7 K with increasing x from x = 0
to x = 0.12. A rectangular hysteresis loop was observed. The experimental 7;(x) and AT;(x) dependences are
described within the developed analytical model utilizing linear decrease in 7; with x and treating the increase
in AT, in terms of the impurity-related decrease in the interaction between some local order parameters. We
argue that R;_,R/Fe;(BO3), solid solutions, where R and R’ are different rare-earth elements, can be used to
implement optical storage devices and switches operating at any chosen temperature between 0 and 450 K. It
is found that the changes in the composition and, correspondingly, structural phase transition parameters do not
affect the magnetic phase transformation. Eug ggLag 12Fe;(BO3), demonstrates the structural phase transition at

about 12 K, well below the Néel temperature 7y = 32 K.
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I. INTRODUCTION

Rare-earth (RE) iron borates RFe3;(BO3)4 belong to a large
family of functional RE borates RM3(BO3)s (R = La, Pr-FEr,
Y; M = Al, Ga, Sc, Fe, Cr) with the structural type of the
natural mineral huntite [1,2]. The compounds of this family
crystallize in the noncentrosymmetric trigonal space group
R32 and incorporate helical chains of the MQOg octahedra
running along the ¢ axis. The chains are interconnected by
the isolated ROg¢ distorted prisms and BOj3 groups. These
materials possess useful physical properties such as high
optical nonlinearity [3-5], low RE luminescence quenching
rate even in concentrated materials (because different RE
ions have no common neighboring oxygen ions) [5,6], and
multiferroicity [7-13] that, together with excellent physical
characteristics and chemical stability, give them a vast ap-
plication potential (see, e.g., Refs. [4,12—-16], and references
therein).

Containing a magnetic d ion (Fe’") in the structure, iron
borates undergo magnetic phase transitions. The strongest
magnetic interaction is the Fe-Fe exchange; then the R-Fe
interactions follow, the R-R ones being negligible. The Fe-Fe
exchange interaction causes an antiferromagnetic ordering at
a temperature Ty, which depends on the average linearly on
the ionic radius r of the R3>T ion and covers the range be-
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tween 23 K for LaFe;(BOj3)4 [17] and 40 K for TbFe3(BO3)4
[17-19]. The lattice constants and, consequently, the inter-
atomic distances increase with increasing r, which decreases
the Fe-Fe exchange interactions and decreases 7n. The RE
subsystem becomes magnetically polarized below Ty via the
R-Fe exchange interaction and, in turn, imposes a particular
type of magnetic structure on the almost isotropic Fe sub-
system [20,21]. Either an easy-axis (R = Pr, Tb, Dy) or an
easy-plane (R = Nd, Sm, Eu, Gd, Ho, Er, and Y) magnetic
structure is realized in RFe3;(BOj3), compounds, depending on
a single-ion magnetic anisotropy of the R** ion [20,21].

A distinctive feature of the iron borates is a structural phase
transition (PT). It was studied earlier by specific heat [17,22],
Raman scattering [22,23], and infrared (IR) reflection [19]
measurements. A strong, very narrow peak in the temperature
dependence of specific heat [17,22] and an abrupt appearance
of new Raman [22,23] and IR [19] modes at T; exhibiting a
hysteretic behavior of intensities [22,23] indicated the first-
order character of the phase transition. However, a strong
hardening of the lowest-frequency and the most intense new
Raman mode upon lowering the temperature below T; was
typical for soft modes that announce a second-order structural
phase transition [22,23]. Thus, the structural PT in RE iron
borates possesses properties characteristic of both the first-
and second-order PTs.

This PT is observed in the compounds containing the R**
ions with the ionic radius r smaller than that of Sm>*, and
the PT temperature T scales linearly with r [17] covering
the range between 0 and ~450 K. Below T;, the structure is
described by the also trigonal but less symmetric space group
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P3;21 [2,23]. The structural peculiarities of both phases are
described in detail in Refs. [2,24,25]. In particular, the R3*
ions occupy a single site in both phases, with the D3;(C,)
point symmetry group in the high-temperature R32 (low-
temperature P3;21) structural phase [2].

Dielectric and optical properties of RE iron borates
undergo an abrupt change at 7y [19,22,23,26], which allows
using these materials in various types of switches. The first
reported data about 7; were obtained for powder samples
prepared in the oxide systems by solid-state synthesis
[17]. Subsequent studies on single crystals grown by the
solution-melt technique using Bi-containing flux revealed
markedly lower Ty for all studied RFe;(BO;3); samples,
namely, 370 [24], 360 [25,27], 285 [28], 200 [19], 156 [22],
and 58 K [29] in contrast to 445, 427, 340, 241, 174, and
88 K [17] for powder samples with R =Y, Ho, Dy, Tb, Gd,
and Eu, respectively. We hypothesized (see Refs. [19,27,29])
that the reason for such lowering of 7 is the incorporation
of “large” Bi*" ions from the flux into positions of R3*
ions in the crystal; and the concentration of Bi impurity in
the crystal was estimated as 5 £ 1% for EuFe3;(BOs3)4 [29]
using the Ty (r) dependence from Ref. [17] and the data
on ionic radii [30]. A thorough x-ray diffraction study of
yttrium [24] and holmium [25] iron borate crystals grown
from a Bi-containing flux has established the composition
as  (Y0.95Bigo5)Fe3(BO3)s and (Hog.osBig.04)Fe3(BO3 )4,
respectively, and confirmed our hypothesis and estimate. It
is possible to avoid the incorporation of the flux elements
into a crystal by using the Li;WO4-based flux. While
Bi** from the Bi,Mo30;, flux has the same charge
state as the R3' ion and a relatively close ionic radius
[r(Bi*") = 1.03 A, r(La*t) = 1.032 A, r(Eu’t) = 0.947 A],
Li* differs greatly from both Eu®* and Fe’' in these
parameters [r(Lit) = 0.76 A, r(Fe*™) = 0.55A] and does
not enter the crystal lattice. This is confirmed by the
fact that the EuggsLagosFe;(BO3)s crystal grown with
the Li,WO, flux demonstrated the same 75 = 58K as
Eug 95Big osFe;(BO3)4 crystals [EuFes;(BO3 )4 grown with the
Bi2M03012 ﬂux] [29]

These results suggest that the temperature 7; of the struc-
tural PT in mixed iron borate crystals Rj_,R Fe;(BO;3).,
where R and R’ are different RE elements, can be tuned lin-
early with x by varying the crystal composition x. In such way
it would be possible to create switches as well as optical stor-
age devices functioning at any chosen temperature between 0
and 450 K. At present, PT between amorphous and crystalline
phases of a material such as the chalcogenide Ge,Sb,Tes
is widely used in optical information technologies (DVD,
CD-ROM, and so on; see, e.g., [31]). An optical memory
with laser recording and reading, based on PT at 7y ~ 130K
between crystalline phases of gallium nanoparticles, has been
demonstrated [32,33]. A search for new materials remains
relevant, in particular, with 7; in the range of helium temper-
atures, where the majority of optical quantum technologies
devices operate.

The main questions concerning the  mixed
Ri_R Fe3(BO3); crystals, which are important for
applications, are (i) How sharp is the transition in the mixed
crystals, and (ii) what is the value of a thermal hysteresis

AT;. Here, we chose the Eu;_La,Fe;(BO3); mixed
system, in which EuFe;(BO3)s; has the lowest T; of the
structural R32 — P3;21 phase transition among iron
borates (7; = 88K), and the transition is completely
suppressed in EuggsLagsFe;(BO3)s [29]. This mixed
system gives an additional interesting opportunity to explore
the possibility of shifting the temperature of a structural PT
below the magnetic ordering temperature. Thermodynamic
measurements on powder samples of EuFe;(BO;3), revealed
an antiferromagnetic ordering, with a well-defined A-type
anomaly in the specific heat vs temperature dependence
peaked at Ty = 34 K [17]. Magnetic [7,34] and spectroscopic
[20,29,35] measurements on EuFe3;(BOsj)s single crystals
confirmed 7Ty = 34 K and showed that the magnetic structure
of the Fe magnetic moments is of an easy-plane type. Rare
known cases when the temperature of a structural phase
transition is lower than the temperature of a magnetic
ordering, Ty < Ty, refer to temperatures much higher than
room temperature [36,37].

We use here the temperature-dependent high-resolution
spectroscopy of f—f transitions of the Eu’* ions in
Eu,_,La,Fe;(BO3),; mixed crystals to precisely detect phase
transitions. Transmission spectra of EuFe3;(BO3)s were thor-
oughly studied earlier in Ref. [29] in different polarizations
and in wide spectral (30-200 and 900-23000cm™') and
temperature (3.5-300 K) ranges. A complete assignment of
spectral lines was performed [29]. In the high-temperature
R32 structural phase, the crystal field (CF) of D3 symme-
try splits the free Eu’t ion’s levels into I'y and I'; singlets
and I'; non-Kramers doublets. In the low-temperature P3;21
phase, the symmetry of the Eu®" position lowers to the C,
symmetry group possessing only one-dimensional irreducible
representations, y; and y,. The ground CF state of Eu’"
originates from the 7 Fy free-ion level and is the '} (y;) sin-
glet [29]. At T, the T's doublets of the R32 phase split, in
general, into y; + y, singlets of the P3;21 phase, and all
CF levels shift due to CF changes. The antiferromagnetic
second-order PT in EuFe;(BOj3)s at Ty = 34 K also causes
splitting of the I's doublets and level shifts [29]. The obtained
results on PTs were additionally checked by specific heat
measurements.

In this paper, we show that the structural PT in
Eu;_.La,Fe;(BOj3)4 crystals has a rectangular hysteresis loop
(this provides the best conditions for the implementation of
memory devices and switches), the width AT of which, to-
gether with the transition temperature T, can be changed by
changing x. To explain these results, we develop a simple
analytical model for a weak first-order structural PT, which
shows qualitative agreement with the experimental data. In
addition, we demonstrate the case Ty < Ty in two members
of the Eu;_,La,Fe3(BO3)4 series.

II. EXPERIMENT

The Eu_La,Fe;(BO3)4, x =0, 0.05, 0.11, 0.12, 0.15 sin-
gle crystals were grown by the solution-melt technique [38]
using the Li;WO4-based flux to avoid the impurities of bis-
muth ions, which enter the crystal in the course of growth
from the flux based on Bi;Mo301, [29]. The crystals were
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about 3 x 3 x 4mm? in size and of good optical quality. The
space group, lattice constants, and orientation of the axes
in the studied crystals were obtained with a Smart APEXII
diffractometer (Mo Ker, 2 = 0.7106 A) at room temperature.
All the crystals were single phase, possessed the trigonal R32
space symmetry group, and had the structure of the huntite
mineral [1,2].

X-ray fluorescence (XRF) elemental analysis was per-
formed using a Bruker M1 Mistral micro-XRF spectrometer.
An analysis of six points (in an area of about 100 um in size)
on the crystal was carried out for specified elements (Eu, La,
W) and a correction for the element mass was done, after
which the data were averaged. The typical spread in values
was no more than 2%. The tungsten in the samples was not
detected. The results obtained confirmed with high accuracy
the La/Eu concentrations specified during the crystal growth.
Several examples on the XRF measurements are given in the
Supplemental Material [39].

Elements lighter than Be (as Li) cannot be detected by the
XRF method. However, while Bi** from the Bi;Mo30y, flux
has the same charge state as the Eu®* ion and a relatively close
jonic radius [r(Bi**) = 1.03 A, r(Eu*t) = 0.947 A], Li* dif-
fers greatly from both Eu** and Fe’* in these parameters
[r(Lit) = 0.76 A, r(Fe’*) = 0.55 A]. The incorporation of
lithium into the crystal would lead to a strong local defor-
mation of the lattice near Li in place of Eu and/or Fe and
the appearance of oxygen vacancies for charge compensation.
In this case, the Eu’t ions located in the vicinity of these
defects would experience a perturbed crystal field, which
would shift their crystal-field levels. As a result, additional
lines in the optical spectra of the Eu®* ions would appear. We
clearly observed such lines in the high-resolution spectra of
YbAI;(BO3), [40,41] and EuFe;(BOs3)4 [29] grown with the
Bi;Mo030, flux, while no traces of any additional lines were
found in the spectra of the samples studied in this work.

Samples for optical measurements were cut parallel to the ¢
axis and polished. The 0.1-1 mm thick samples were used for
measurements in different spectral regions. Their orientation
was additionally checked by optical polarization methods.
Far-infrared vibrational spectroscopy measurements with a
Bruker IFS 125 HR Fourier spectrometer confirmed that the
samples were single phase [42].

Temperature-dependent (3.5-100 K) high-resolution
(0.1 cm™) transmission spectra in the region of f-f transitions
of the Eu* ions in Eu;_,La,Fe;(BO3), mixed crystals were
measured using a Fourier spectrometer, Bruker IFS 125 HR;
a closed helium-cycle cryostat, Cryomech ST403; and a
dual-sensor temperature control and stabilization system,
Lakeshore 335, with silicon diode sensors. In the vicinity of
T, the temperature was stabilized with a precision of £5 mK;
each point was measured for 1 min and the distance between
points was set at 50 mK. Preliminary experiments have shown
that there is no change in the hysteresis loops in the cases of
fast (~1 s per point, with distance between points 100 mK)
and slow (~5 min per point, with distance between points 50
mK) cooling/heating rates.

Temperature dependences of the specific heat were mea-
sured on a PPMS-9 setup manufactured by Quantum Design
(USA).

III. EXPERIMENTAL RESULTS

A. Spectroscopic detection of the phase transitions
in Eul_xLaxFe3(BO3)4

Figure 1 shows the temperature evolution of the Eu®*
spectra in the low-frequency range of the ’Fy — ”Fs infrared
optical transition for Eu;_,La,Fe;(BO3), single crystals. In
this frequency region, transitions from the ground I'; state to
the levels 3825cm™ (I'y), 3831 cm™ (I'3), 3854cm™ (I'3),
3903 cm™! (I'3), and 3960 cm™" (I'3) are present in the R32
phase of EuFe3;(BO3 )4 [29]. In this parent compound (x = 0),
at the R32 — P3,21 structural phase transition temperature
Ty = 87K, abrupt shifts of these lines ranging from —6 to
+11cm™! [29] and marked changes of the intensities are ob-
served. No noticeable splitting of these particular I'; levels has
been found at the structural phase transition [see Fig. 1(a)].

Below the temperature of magnetic ordering, at about 30
K, the lowest-frequency I'y — T'; + I'; line demonstrates a
well-observed increasing splitting A(7) reaching 20.3 cm™
at 5 K [see Fig. 1(a)]. This splitting is due to the Eu-Fe
exchange interaction and is determined, basically, by the or-
dering of the iron magnetic moments nearest to a Eu>* ion;
it reflects a short-range order in the Fe magnetic subsystem.
As a short-range order remains at 7 > Ty, the splitting does
not vanish at Ty — a “tail” of residual splitting persists into
a paramagnetic region. The tail is more pronounced in low-
dimensional systems [43]. The temperature of a magnetic
ordering can be determined as the abscissa of the point of
inflection in the A(T) curve [44]. In such way, we have found
T = 34 £ 1K for our EuFe;(BO3)4 sample grown with the
Li;WO, flux, which is the same value as spectroscopically
determined earlier for EuFe;(BO3)4 crystals grown with the
Bi;Mo304; flux [29,35] and is in agreement with 7y = 34K
found from the specific heat measurements on powder sam-
ples obtained by solid-state synthesis [17]. The splitting of
the lowest-frequency line is observed also in the spectra of
Eup gsLag 1sFe3(BO3)4 [see Fig. 1(b)], where the structural PT
is suppressed and the magnetic ordering takes place in the R32
phase [29]. The same procedure as described above gave the
value Ty = 33 £ 1 K for the Eug gsLag. 15sFe;(BO3)4 sample.

Thus, in this spectral region, the R32 — P3,21 structural
PT manifests itself by an abrupt shift of spectral lines but a
magnetic ordering causes a splitting of the lowest-frequency
line, so that both PTs can be recorded. To additionally check
the used spectroscopic method, we have performed spe-
cific heat measurements of our samples EuFe;(BO3)s and
Eup ggLag 12Fe3;(BO3)4. The results are shown in Fig. 2. They
confirm applicability of the spectroscopic method.

We note that in the case of the second-order PT that
manifests itself by a sharp A-type anomaly in the specific
heat vs temperature dependence the PT temperature can be
determined with a better precision than by the spectroscopic
method.

B. Decoupled low-temperature structural and magnetic
phase transitions in Eu;_.La,Fe;(BO3),

In many magnetic compounds also demonstrating a struc-
tural PT, the latter occurs simultaneously with a magnetic
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FIG. 1. Intensity maps in the wave number—temperature axes in the region of the 7Fy — 7F; transition of Eu®* in (a) EuFe;(BOs)y,
(b) Eug gsLag.15Fe3(BO3)4, and (c,d) Eug gsLag,12Fe3(BO;3 )4 at (c) cooling and (d) heating.

ordering, because of the spin-lattice interactions. Spin-Peierls
[45] or spin-Peierls-like [46] compounds and compounds with
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T T T T T
300 — . ah
1 ek Euo.ssLao.le%(BO‘;)}//
TN_SZKIN ——— EuFey(BOy), 1
200 VL qimes i
yx
1 77 l ] ]
S 200] ?,a"';' "‘bw””' 7
's ] L L L T (K)

= 25 30 35 40 / 12 13 14 15 16 17
= 1504 TE T

~ 304 EuygsLag 1pFes(BOy), 4 |

. T, / — 1
Q N g — heatlnng
100 4 g Y cooling -
S |r=nax
s 20 i |
151
0 T T T T T T T T T T T
0 50 100 150 200 250 300

Temperature (K)

FIG. 2. The temperature dependences of the specific heat of
EuFe;(BO3)4 (red symbols) and Eug gsLag 12Fe;(BO3), (black sym-
bols) single crystals. Upper inset: the region of the magnetic PT for
both compounds in an expanded scale. Lower inset: the region of the
structural PT in Euggslag 12Fe;(BO3)s at cooling (black symbols)
and heating (blue symbols).

[47-49] can be mentioned as main examples. Decoupled
structural and magnetic PTs are also known; however, in a ma-
jority of cases, the temperature of a magnetic ordering is lower
than the temperature of a structural PT (see, e.g., [50,51]).
We are aware of only two cases where the temperature of
a structural PT is lower than the temperature of a magnetic
ordering, Ty < Ty: namely, the case of copper ferrite CuFe,;O4
with Ty & 750 K undergoing a PT from the cubic to tetragonal
phase at Ty ~ 660K [37] and the case of Pb; gsBag.9,Fe;Os5
with Ty = 625K and T; = 540K corresponding to a second-
order PT between two orthorhombic structures, Imma and
Pnma, possessing the same point group mmm [36]. For the
latter compound, it was shown that the magnetic structure
does not change through the structural PT. In both cases, the
PTs’ temperatures are well above room temperature.

In RE iron borates, the temperature of the structural
PT is substantially higher than the temperature of mag-
netic ordering; the difference 7;—Ty scales from 407 K
[YFe3;(BOs3),4] to 56 K [EuFe3;(BO3)4] [17]. We have shown
earlier that in EuggsLagsFe;(BO3)s the structural PT is
completely suppressed but the temperature of magnetic or-
dering is the same as in EuFe3;(BO3)4, within the precision
of measurements [29]. The question arises: Is it possible to
shift 7; below Ty(0 < Ty < Tn) by changing the composi-
tion of Eu;_ ,La,Fe;(BO3), single crystals? Because of the
multiferroicity of RE iron borates with interacting electron,
spin, and lattice degrees of freedom, this is not a trivial
question.

We succeeded in observing the structural PT be-
low the Néel temperature 7y in two members of the
Eu;_.La,Fe;(BO3), series, namely, in the compounds with
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FIG. 3. Temperature-dependent transmission spectra of a 1 mm thick EuggLag;Fe;(BOs3), single crystal at (a), (c) cooling and (b), (d)
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temperature axes.

x=0.11 and 0.12. Figure 1(c) presents the data on the
EupssLag 2Fe;(BO3)s single crystal at cooling. A split-
ting of the lowest-frequency spectral line manifests a
magnetic-ordering second-order PT at Ty =33+ 1K in
the R32 structural phase of the crystal. The temperature
Tn = 32K follows from the specific heat measurements
on EuggsLag 2Fe;(BO3)s. Specific heat measurements re-
vealed Ty = 34K for EuFe;(BOs)s (see Fig. 2, upper
inset). The difference of 2 K in magnetic ordering tem-
peratures for EuFe;(BO3)s (In = 34K, r =0.947 A) and
EuO.ggLao.leeg(BO3)4 (TN =32 K, Feff = 0.957 A) is in
agreement with the 7n(r) dependence [17] (here, reg =
0.88rgy + 0.12r1, [29]).

With further cooling of the Eug ggLag 12Fe;(BO3)4 crystal
by another 20 K, the R32 — P3,21 structural PT takes place.
The splitting of the lowest-frequency spectral line in Fig. 1(c),
which manifests a magnetic-ordering PT, does not change
across the structural PT (an additional spectral structure in the
low-temperature phase is due to appearance of magnetically
nonequivalent positions for RE ions [29]). This is in favor of
unchanged magnetic structure. Here, as in the already men-
tioned case of the Imma — Pnma PT in Pb; osBag ¢,Fe;Os,
where the magnetic structure was shown to be the same both
above and below 7T; [36], the point group does not change
across the R32 — P3,21 structural PT [2].

At heating, the P3,21 — R32 structural PT occurs at
a higher temperature (thermal hysteresis) but 7y does not
change [see Fig. 1(d), lower inset of Fig. 2].

C. Thermal hysteresis across the structural phase
transition in Eu;_,La,Fe3(BO;),

To register the thermal hysteresis at the structural PT
between the R32 and P3,21 phases of Eu;_,La,Fe;(BO3)4
we have chosen the o-polarized strong absorption line
19019 cm™" in the visible spectral region corresponding to the
I'1("Fy) — T»,(°Dy) optical transition between singlet energy
levels of Eut in the R32 phase of EuFe3;(BO3)4 [29]. Figure 3
displays the temperature-dependent transmission spectra of a
1 mm thick EuggLag 1;Fe;(BO3), single crystal in the region
of this absorption line. The line abruptly shifts and grows in
intensity at the temperature 7 of the R32 — P3,21 structural
PT. As a result, the transmittance drops from 0.7 to zero
at the wave number of 19016cm™'. The neighboring line
18987 cm™!, originating from the singlet-doublet optical tran-
sition I';("Fy) — T'3(°Dy) in the R32 phase, splits into two
lines in the P3,21 phase due to a splitting of the I'3 doublet in
the C, symmetry (see Fig. 3).

Figure 3 clearly demonstrates that the temperature 7y of
the structural phase transition (i) can be precisely determined
from the spectra and (ii) differs markedly at cooling and
heating the sample; i.e., the thermal hysteresis AT; exists. In
particular, A7y = 3.16 K in the case of EuggLag ;;Fe;(BO3),.
In the temperature region between 7; and 75, the R32 and
P3,21 structural phases do not coexist (see Fig. 3).

Figure 4 shows the thermal hysteresis AT at the struc-
tural phase transition in a pure EuFe3;(BO3)4 single crystal
and in a crystal with 12% lanthanum, Eug ggLag 12Fe3(BO3)4.
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FIG. 4. Position of the I') (" Fy) — I',(°D,) optical transition as
a function of temperature at cooling (blue triangles) and heating
(red triangles) for (a) EUF63 (BO3 )4, (b) Ell()‘ggLao‘]lFeg (BO3 )4, and
(c) Eug gsLag 1,Fe;(BO3), single crystals.

The position of the considered Eu** spectral line was mea-
sured in a quasistationary mode at cooling and heating
the sample. In a pure EuFe;(BO3)4 crystal, the line’s po-
sition changes between 19020 and 19016cm™ within <
0.05K, at T} = 87.05K when cooling and at 7, = 8§7.34K
when heating the sample (the hysteresis is ATy = 0.29K).
In EuggsLag 2Fe;(BO;3)y, the transition remains very sharp
(which testifies to a homogeneous distribution of the lan-
thanum impurity) but the hysteresis loop is 16 times broader
(see Fig. 4).

This nearly rectangular hysteresis loop can be used to im-
plement an optical storage device. The crystal must be cooled
below the PT temperature and then heated to enter the hystere-
sis loop region. Recording can be achieved with a laser pulse

that heats the local area above the PT temperature. Reading
is carried out by a weak light beam with a wavelength at
which the transmission differs markedly for the two structural
phases.

In the following section, we present a simple model that
explains the main features of the structural phase transition
in Eu,_,La,Fe;(BOj3),4 single crystals and makes it possible to
understand the reasons for the increased hysteresis in impurity
crystals.

IV. MODEL DESCRIPTION

A. Model of interacting local order parameters

To develop an analytical and intuitively transparent model
we assume that the structural instability in a crystal is gen-
erated by interactions within a relatively small region of the
crystal. Below a certain local critical temperature 7, this insta-
bility results in a quasistationary rearrangement of atoms, and
this rearrangement can be associated with some local order
parameter (LOP) such that P = Py(T; — T)'/2. The value of
LOP is constant over the aforementioned small region [we call
it the “‘coherent region” (CR)], and may randomly change
direction (fluctuate), thus recovering the crystal symmetry
above T;. Below T it is convenient to represent the entire
crystal as consisting of closely packed CRs with LOPs ran-
domly fluctuating in orientation while the ordered state is
formed when all LOPs are static and parallel.

It is convenient to take the energy of the ordered state
as a reference point, meaning that the inter-LOP interaction
is nonzero only in the disordered phase and is assumed to
not affect 7. A suitable function for the interaction energy
between neighboring ith and jth LOPs can be taken in the
form
Ej=y{(P—P)’) =2y (P’ —(PP), (P)=(P})=P>

1
where y > 0 is a constant and (- --) means averaging over
all possible LOP states. Neighboring LOPs are assumed in-
dependent in the disordered phase; therefore (P;P;) = 0 and
E;; =2yP? In the ordered phase, (PP;) = P? and E;; =
0, in agreement with our assumption about the reference
state. Independent LOP fluctuations in the disordered phase
apparently increase both the system’s energy and entropy.
Therefore, the phase transition in our model is a result of the
trade-off between the inter-LOP interaction energy and the
LOP’s entropy. The latter for a single LOP, which can occupy
M possible states (orientations), is S = kg In(M). Decreasing
the crystal temperature below 7} reduces the entropic contri-
bution to free energy and makes it more favorable for LOPs to
order into a cluster and become static. Such a cluster can be
considered as a nucleus of the new bulk phase—see Fig. 5(a).
Similarly, the disordered phase nucleates in the bulk as shown
in Fig. 5(b). Hence, we can describe the phase transformation
in the system of LOPs as a kind of liquid-solid phase transition
with the liquid phase being represented by fluctuating LOPs
and the solid one being a macroscopic cluster of identical
static LOPs.

A low (high)-temperature phase nucleation probability W
can be determined according to classical nucleation theory as
W = Zexp(—A/kgT), where Z is the Zel’dovich factor and
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FIG. 5. Schematic representation of phase transformation in the
model crystal. (a) Ordered (crystal) phase nucleation in the disor-
dered (liquid) phase; (b) disordered (liquid) phase nucleation in the
ordered (crystal) phase.

A is the nucleation barrier. For temperature-independent Z
the nucleation probability W, and hence the corresponding
phase transition temperature in the bulk, 7; (in contrast to
the local phase transition temperature 7;), is determined by
the value of A. It is convenient to define the normalized
nucleation barrier D(0) = A/kgT as a function of relative
temperature 6 = 7T'/T. In our model, it is determined by (see
the Appendixes)

0.27 (1-0)
Cco [Co/(1—0)—11*

where C = 1.8kp/(6yP3). As shown in the Appendixes,
Eq. (2) at & < 1/(C + 1) gives the nucleation barriers for
crystallization, and at 6 > 1/(C + 1) those for melting. The
phase transition temperatures for crystallization and melting
fulfill the respective conditions too. To determine particular
values of the phase transition temperatures, we assign D(6) a
certain value, say, 3. Then for each value of C, we determine
the crystallization and melting temperatures graphically as
illustrated in Fig. 6. They are given by the crossing points
of the dotted line with the corresponding solid line in the
regions of increasing D(0)[0@ < 1/(C + 1)] and decreasing
D(@0)[6 > 1/(C + 1)] for crystallization and melting, respec-
tively. As can be seen from Fig. 6, the parameter C, besides
shifting the phase transition temperatures, also significantly
affects the thermal hysteresis (difference between the melting
and crystallization temperatures).

D) = ()

B. Influence of a substitutional impurity on the PT temperature

The role of substitutional impurity in our model can be
taken into account within the mean-field approximation in
terms of a change in the local phase transition temperature 77,
and the value of Py. By analogy with the established linear de-
pendence of 7; on the impurity concentration x [17,19,25,29]
we assume that the local phase transition temperature 77 (x)
in our model impurity crystal can also be approximated as
Ty (x) = T;.(1 — ax) with constant « > 0. It is reasonable to
expect that the weakening of the structural instability resulting
in decreasing 77 (x) also decreases the structural deformation
associated with the phase transition; i.e., it decreases the satu-
ration value of the local order parameter Py(x). In the simplest
scenario, such a decrease can be assumed to be linear with
x, namely, Py(x) = Py(1 — Bx) with a positive constant S.
Substituting the two expressions into Eq. (2), we obtain the

0.012

L 1 L 1 L 1
0.97 0.98 0.99 1.00
0
FIG. 6. Nucleation barriers (in kg7 units) for crystallization
[left-hand side slopes of the singularity at C6 /(1 — ) = 1] and melt-
ing [right-hand side slopes of the singularity at CO/(1 —0) = 1] as
functions of reduced temperature 8 = T /T, calculated using Eq. (2)
with the value of parameter C indicated in the figure. Dotted line
determines a chosen level of the nucleation barrier that determines

(by crossing with solid lines) the corresponding phase transition
temperature.

nucleation barrier D(6, x) for impurity crystals:
0.27 (1 —ax —0)(1 — Bx)?
CO 11— Co/(1 —ax —0)/(1 = px)*T"

This function can be used to approximate experimental
results with the fit parameters o and B. The value of C is
determined using the value of hysteresis in the pure crystal
(x=0).

The nucleation barriers given by Eq. (3) as functions of
0 are plotted in Fig. 7 for various impurity concentrations
x. A comparison of the phase transition temperatures can be
achieved assuming the Zel’dovich factor Z to be a constant
and considering the same relative nucleation barrier D(6, x)
for both heating and cooling at various x. We have chosen
D(0, x) = 3 (dotted line in Fig. 7) to illustrate how well the
model describes the observed variation in the phase transition
temperature 7 and hysteresis ATy for various impurity con-
centrations x in Eu;_,La, Fe;(BO3),.

It is useful to analyze Eq. (3) in the case D(8) = Dy > 1
using CO/(1 — ax — 0)/(1 — Bx)* = 1 + 8§ with the approx-
imate solutions § &~ %8y, where 8y = +/0.27/Dy < 1. Then,
the phase transition temperatures for melting 6, and crystal-
lization 6_ and the hysteresis A8 = 6, — 6_ can be expressed
analytically:

D@, x) ~ 3

(1 —ax)(1 +8)(1 — Bx)’
CICH (£ 8)(1 — Bx)’]
. 260C(1 —ax)(1 — Bx)?
[C+( -
Taking as before Dy = 3 and the other parameter values as

indicated in the caption to Fig. 8, we have found reasonable
agreement of our analytical expression for hysteresis (red line

+

3

A6

“

094414-7



K. N. BOLDYREV et al.

PHYSICAL REVIEW MATERIALS §, 094414 (2021)

35+ 3 -
x=0.1 x=0
’Q’J’.O = L
)
N
Q
25¢F +
20 F +
0.2 0.3 0.66 0.67 099 1.00
o 0 o

FIG. 7. Nucleation barriers (in kg7 units) for crystallization
(left-hand side slopes—see caption to Fig. 6) and melting (right-
hand side slopes) as functions of reduced temperature 6 = T /T}, for
different impurity concentrations x calculated using Eq. (3) with the
model parameters o = 6.5, 8§ = 7.5, and C = 0.0025 Dotted line
determines a chosen conditional level of the nucleation barrier, hence
the temperatures (determined by crossing with solid lines), at which
the corresponding phase transition takes place.

in Fig. 8) with the “exact” (graphical) solution (dotted line
in Fig. 8). The analytical expression allows also checking of
the hysteresis behavior in different situations. For example,
if the factor (1 — Bx)? accounting for the temperature depen-
dence of the LOP interface energy is set to 1 (no temperature
dependence), the hysteresis expression [Eq. (4)] reduces to
A ~ 28,C(1 — ax)/(C + 1)?, predicting a linear decrease

1o}k
&\1
~
= 0.02 g
:‘“ 0.5
0.01
00} 40.00

000 002 0.04 006 008 0.10 0.12

X

FIG. 8. Average experimental phase transition temperature in the
bulk 7, = 0.5(T; peat + T; coo1) (black symbols) and the hysteresis
AT, = (T heat — Ts coo) (red symbols), both normalized on the value
of T, = 87K, as functions of impurity atom concentration x in
Eu,_.La,Fe;(BO;3), single crystals. For the 7; value we used the
structural phase transition temperature in the pure EuLaFe;(BO;),
single crystal. Black solid and red dotted lines are model calcula-
tions with the parameter values « = 6.5, B = 7.5, and C = 0.0025
obtained for the relative nucleation barriers A /kgT = 3 as illustrated
in Fig. 7. The red solid line is given by the expression Eq. (4) with
a=6.5, =0, and C = 0.0025. The value of C was calculated
using the experimental value of hysteresis at x = 0.

with increasing x. The almost linear decrease in thermal
hysteresis has been experimentally detected for ferroelectric
phase transition in mixed Ba; xSrxTiOs crystals [52]. This
fact indicates the significant potential of our model for inter-
preting the features of phase transition in different materials.

V. CONCLUSION

We have performed detailed spectroscopic studies of
structural phase transformation in mixed single crystals
Eu,_,La,Fe;(BO3)4, which allowed us to determine both the
transition temperature 7; and the value of thermal hysteresis
AT for different compositions. We show that the composition
variation in the range 0 < x < 0.12 allows the shifting of T
from 87 K down to ~12 K, simultaneously increasing AT
from 0.3 K up to 4.7 K. An almost rectangular hysteresis loop
observed at the structural PT in Eu;_,La,Fe;(BOs3)4 crystals
is favorable for the implementation of switches and optical
memory devices operating at low temperatures used, in partic-
ular, in quantum technologies. Other mixed R;_,RFe3(BO3)4
(where R and R’ are RE elements) can provide the tempera-
tures of the structural PT up to 450 K.

The experimental observations concerning 7; and AT; in
the Eu,_,La,Fe;(BO3), solid solutions are described within
the developed analytical model of phase transformations of
mixed first- to second-order type. The model makes it possible
to interpret the observed characteristics of the phase transition
in terms of interaction between the local order parameters, and
indicates its potential applicability to phase transformations in
other materials.

It is found that the observed changes in the structural
phase transition parameters do not affect the magnetic phase
transformation in this material. Change of 7y from 34 K for
EuFe;(BO3)4 to 32 K for Eug gsLag 12Fe3(BO3)s is in agree-
ment with the Ty (7.t ) dependence, where rer = (1 — X)rgy +
xri, for Euy_,La,Fe3;(BO3)4 (here, rg, and rp, are the ionic
radii of Eu’* and La**, respectively). EuggsLag 12Fe3(BO3)4
demonstrates the structural PT at about 12 K, i.e., below the
Néel temperature 7y = 32 K. This observation of the tempera-
ture of the structural phase transition below the temperature of
magnetic ordering in the cryogenic temperature range opens
up prospects for applications in quantum technologies.
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APPENDIX A: NUCLEATION BARRIER FOR
CRYSTALLIZATION

Free energy for the system consisting of N LOPs can be ex-
pressed in terms of the local order parameter (LOP) P and an
interaction constant y. The latter reflects interaction between
the neighboring LOPs averaged over the entire system and
attributed to a single LOP. Within this approximation the free
energies for the disordered Fy;s and ordered Foq phases are

Fyis = NELop + 6Ny P? — NkgT InM, Fyq = NEi0p,
(A1)
where Ejop is the LOP bulk energy; yP? is the interface
energy per LOP for CR of cubic shape. The entropy term
in Eq. (A1) arises from the multiplicity Ng (the number of
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microstates with the same energy) of the disordered state of
the LOPs. In the approximation of uncorrelated LOPs (in
the disordered state) we can write for the multiplicity of the
system containing N LOPs Ny = M", where M is the number
of possible orientations of a single LOP. Defining the entropy
as § = —kgIn(Ng) = —kgN In(M) one obtains the term in
Eq. (Al). If we choose Fyq4 as a reference state, i.e., Forg = 0,
then Eq. (A1) reduces down to

Fyis = 6Ny P> — NkgT InM, Fyq = 0. (A2)

The phase transition between disordered and ordered
phases starts with the formation of the critical nucleus. For
the cubic shape of the critical nucleus containing n LOPs the
associated excess free energy is

AFy = 6yP>(N —n+n*?) — (N — n)kgT InM
— yP*6N + NkgT InM

= —6yP’n+ 6y P’n*> + nkzT In M, (A3)

where n'/? is the side of the critical nucleus. Here we assumed
that the interface energy between adjacent LOPs is the same
whether both or just one LOP is fluctuating. The size n of
the critical nucleus corresponds to the maximum of the excess
free energy such that

dAF,

d_“ = —6yP*6 +4yPn" '3 4 kyT InM = 0,

n
(4yP>)’
n= ,
(6yP? — kT In M)’

We can check that the determined n indeed corresponds to
the maximum of AF,:

6yP*> > kT InM. (A4)

dZAFcr _ _iypzn_4/3 — _

4 (6yP* —kTInM)'
= —sz( 14 4n ) <0
dn? 3 3 (4y P?)
Substituting n from Eq. (A4) and P = Py(T; — T)'/? into
Eq. (A3) and assuming M = 6 (cubic structure above T7),

we obtain the normalized nucleation barrier for crystallization
D (60 = T/TL),

AFy 1 dypr?)’
Dcr(g) = knT = 5 > 2
B (6yP? —kgT InM)
. 0.27 (1-0)

CO[1=Cco/(1 -6 (&3)

where C = 1.8kz/(6yP?) < (1 — 0)/6.

APPENDIX B: NUCLEATION BARRIER FOR MELTING

As the free energy of the crystalline state is taken to be
zero we can write AFy, assuming that # is now the number

of LOPs in a molten cluster of cubic shape
AFpe = yP*6(n + n*/*) — nkT In M. (B1)

Determine the critical value of n:
dAF,
o P64 4n ) — kT InM =0,

dn

@yP?’

= 7. 6yP> <kTInM.
(kT InM — 6y P?)

(B2)

Substituting it into Eq. (B1) we obtain the relative nucle-
ation barrier for melting,

AFpa 1 (4yP?y’
Dppat(8) = =2 — = Y ;
kgT 2 (kgT InM — 6y P?)
. 0.27 (1-0)

= , B3
CO (CH/(1 —0)—1) (B3)
where C = 1.8kB/(6yP§) > (1 —0)/6. As we see, both nu-
cleation barriers given by Egs. (A5) and (B3) are determined
by one and the same expression,

0.27 (1-0)
Cco [Co/(1—0)—11*

which for 6 < 1/(C 4+ 1) gives the nucleation barriers for
crystallization, D.(0), and for 8 > 1/(C + 1) it gives the
nucleation barriers for melting, D¢ (0). As a consequence the
phase transition temperatures for crystallization and melting
fulfill the same conditions accordingly. It is worth noting that
the nucleation barrier is determined virtually by the ratio of
the energy associated with the LOP entropy to the interface
energy per LOP.

The value of C, according to Fig. 7, determines the value
of thermal hysteresis for the phase transition under consider-
ation. It is worth pointing out that the hysteresis in our model
tends to 0 if C — 0, meaning that the true second-order phase
transition can be reached only as an extreme case. This ex-
treme, however, is due to the approximations used in deriving
the model. In a more realistic scenario one would have to
consider fluctuations of both the direction and the value of the
local order parameter in the vicinity of 7; . It can be shown that
these fluctuations would result in zero hysteresis at a nonzero
value of the parameter C. Another important approximation
of our model is about the constant size of the coherent regions
(CRs) carrying the LOPs. This assumption is actually about
the constant value of the parameter y determining the inter-
face energy between the LOPs. A noticeable change in the
CR size in the proximity to the second-order phase transition
point could affect the C value [see the line below Egs. (AS5)
and (B3)] and in a more rigorous treatment should be taken
into account together with the order parameter fluctuations.
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