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We report comprehensive Raman scattering measurements on a single crystal of binary ferroborate 
Nd0.75Dy0.25Fe3(BO3)4 in the temperature range of 7–295 K with 532 nm (18797 cm–1) laser excitation. The per-
formed analysis of the polarized Raman spectra revealed the bands assigned to phonon, magnetic, and electronic 
excitations. The temperature evolution of these quasiparticle excitations has allowed us to ascertain the intricate 
coupling and interplay between lattice, magnetic, and electronic degrees of freedom. Analysis of the measured 
Raman spectra made it possible to identify all A1 and Е phonon modes of predicted by the group-theoretical 
analysis. The splitting energies between the LO and TO components of the polar E phonons were determined. 
Below the magnetic ordering temperature of the Fe sublattice, TN, we have revealed a multiple peaked two-
magnon excitation. Analyzing the temperature evolution of low-frequency modes in the spectra, we also identi-
fied modes that are associated with electronic transitions between the crystal field levels of the Nd3+  ions with 
ground-state 4I9/2 and of the Dy3+ ions with ground-state 6H15/2 multiplets. In addition to the already known tem-
peratures of magnetic transitions, analysis of the temperature behavior of low-frequency phonon and electronic 
excitations made it possible to establish a temperature T* = 100 K, presumably associated with local distortions 
of the crystal lattice. The presence of this temperature is confirmed by our ultrasonic study. A group of intense 
bands observed in the frequency range of 1700–2200 cm–1 has been associated with the mixed low-lying elec-
tronic Raman transitions 4I9/2→4I11/2 and the high-energy luminescence ones 4G5/2+2G7/2→4I9/2 for the Nd3+ ion. 

Keywords: ferroborates, Raman spectroscopy, luminescence. 

1. Introduction

The rare-earth ferroborates RFe3(BO3)4 with R = Y; 
La–Nd; Sm–Er found considerable attention during last 
years due to the extraordinary physical properties of the 
members of this family caused by the coupling of the 
magnetic, electric, and lattice degrees of freedom, specifi-
cally, multiferroic effects in some of them as to their promis-
ing technological application [1]. The specific nature of the 
optical, magnetic, and magneto-electric properties of rare-
earth ferroborates is due to the exchange interaction between 
the magnetic and electric subsystems of the iron and rare-
earth ions [1, 2]. The presence of two magnetic sublattices 

gives the opportunity for a variety of magnetic ordering 
phenomena, since the temperature-dependent competition 
between the anisotropy of these sublattices leads to differ-
ent magnetic structures and may induce spin reorientations 
and metamagnetic behavior [3]. 

The last year’s tendency to study ferroborates with 
two types of rare-earth ions is related to the fact that the 
substitution can significantly change the properties of 
magnetic/electronic subsystems, as well as their interac-
tion. Today, one of the most interesting rare-earth bina-
ry ferroborates system is that of Nd1–xDyxFe3(BO3)4. The 
first results of studing these compounds, specifically 
Nd0.75Dy0.25Fe3(BO3)4, appeared a few years ago [4, 5]. 
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Magnetic susceptibility measurements revealed two mag-
netic phase transitions: the first at TN = 32 K, which was 
attributed to a transition into the antiferromagnetic state 
with easy-plane anisotropy, and the second at TR = 25 K, 
which corresponds to a spin-reorientation transition into 
the state with easy-axis [4]. The behavior of the magnetiza-
tion and specific heat of this compound was studied in 
Ref. 5. The authors observed the presence of four features 
at TN = 32 K, T1 = 24 K, T2 = 22 K, and T3 = 16 K both in 
the temperature dependence of the magnetization and of 
the specific heat. 

It is of interest to study the role of all interacting sub-
systems in the formation of unique physical properties of 
rare-earth binary ferroborates, which, in particular, can be 
tuned by changing the temperature. Here we present the 
Raman scattering study of the Nd0.75Dy0.25Fe3(BO3)4 single 
crystal. Raman spectroscopy is a highly sensitive and in-
formative nondestructive method allowing simultaneously 
probing the elementary quantum excitations. Raman spec-
tra of the Nd0.75Dy0.25Fe3(BO3)4 single crystal were mea-
sured within the wide frequency range of 12–2500 cm–1 at 
temperatures from 7 to 295 K. The performed analysis of 
polarized Raman spectra revealed the bands assigned to 
phonon, magnetic, and electronic excitations. The analysis 
of the polarized phonon spectra has revealed all A1 and Е 
phonon modes of predicted by the group-theory analysis. 
The phonon bands have been classified into either internal 
or external modes. We have revealed the different tempera-
ture evolution of the internal as well as external modes. An 
analysis of the temperature behavior of phonon excitations 
made it possible to reveal the presence of a strong interac-
tion of the magnetic and lattice subsystems. An important 
feature of the iron spin ordering is the observation of a 
structured band ascribed to two-magnon excitation in the 
low-frequency part of the spectra at temperatures below TN. 
Another important features observed in low-frequency 
Raman spectra are excitations, the analysis of the frequen-
cy and temperature behavior of which made it possible to 
classify them as electronic transitions between the levels 
within both the 4I9/2 ground state of Nd3+ and the 6H15/2 
ground state of the Dy3+ ions. 

A group of intense bands observed in the frequency 
range of 1700–2200 cm–1 has been associated with the 
mixed Raman electronic transition 4I9/2→4I11/2 and the lu-
minescence transitions 4G5/2+2G7/2→4I9/2 in the Nd3+ ion, 
which have the different temperature evolution. The bands’ 
intensities of both electronic transitions increase, reaching 
a maximum at TN with cooling. The contours of the elec-
tronic Raman bands were detected at low temperatures in 
contrast to the luminescence bands. The complicated tem-
perature evolution of the electronic bands might be ex-
plained by the strong exchange coupling of the magnetic 
sublattices saturated by the different types of the magnetic 
ions below TN. That significantly distorts the electronic 
structure of the Nd3+ ion. 

In the present work, we studied the elastic properties of 
the title compound by the ultrasonic method also. Studying 
the behavior of the elastic characteristics of the crystals 
with a strong magnetoelastic interaction makes it possible 
to obtain an information not only on the state of the pho-
non subsystem and structural phase transitions, but also to 
analyze the state of the magnetic subsystem. In particular, 
phase transitions of a purely magnetic nature (both sponta-
neous and induced by a magnetic field) often manifest 
themselves as pronounced anomalies in the behavior of the 
velocity and absorption of acoustic modes of magnetic 
crystals [6]. 

2. Experimental details 

Single crystals of Nd0.75Dy0.25Fe3(BO3)4 have been 
grown from the solutions-melts based on bismuth thri-
molibdates according to the technology described in [5]. 
The orientation of the sample was performed by the x-ray 
back-reflection method (Laue method). 

The Raman measurements were performed in a back-
scattering geometry, using a triple spectrometer (Dilor-
XY-500) equipped with liquid nitrogen cooled CCD 
(Horiba Jobin-Yvon, Spectrum One CCD-3000V). Raman 
spectra were excited with 532 nm radiation of solid-state 
Nd:YAG laser. The laser power was set to 3 mW with a 
spot diameter on the crystal of approximately 100 μm to 
avoid the heating effect. All measurements were carried 
out in an evacuated closed-cycle cryostat in the tempera-
ture range of 7–295 K. 

The high-temperature crystal structure of RFe3(BO3)4 
compounds belongs to the trigonal space group R32 [7]. 
Three kinds of coordination polyhedra present in this struc-
ture: trigonal RO6 prisms, FeO6 octahedra, and two types 
of planar triangular BO3 groups — equilateral B1O3 and 
isosceles B2O3. The FeO6 octahedra share edges forming 
nearly independent helicoidal chains that run parallel to the 
c axis (see Fig. 1). At cooling the crystal structure of the 
parent NdFe3(BO3)4 compound remains trigonal R32 down 
to at least 2 K [8]. On the contrary, DyFe3(BO3)4 reveals a 
first-order phase transition from the high-temperature R32 
structure to the low-temperature P3121 one at TS ≈ 280 K 
[3, 9]. As for the Nd0.75Dy0.25Fe3(BO3)4 binary compound, 
we did not find any literature data about the structural 
phase transition at the temperature of the present Raman 
studies. 

For the high-temperature structure, R32 of RFe3 (BO3)4 
theory-group analysis gives Γvibr = 7A1 (Raman) + 12A2 (IR) + 
+ 19E (Raman) optical vibrational modes, where the num-
ber of external and internal (related to the vibrations of 
BO3 groups) vibrational modes is ext

vibrΓ  = 3A1 + 11E and 
ext
vibrΓ  = 4A1 + 8E, respectively [8]. The doubly degenerated 

E modes are polar and both IR and Raman active. 
Due to the shape of the samples, our Raman experi-

ments were performed with light incident parallel and per-
pendicular to the C3 axis. The Raman spectra were taken in 
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( )c aa c , ( )c ab c , ( )b ac b , and ( )b cc b  scattering configura-
tions, where the c axis coincides with the C3 axis, and the a 
and b axes are mutually orthogonal and located in the ab 
plane. As a result, with the exciting light propagating along 
the c axis ( )ck  the TO modes were probed, while the 

c⊥k  configuration gave the pure LO modes. 
The experimental sample for acoustic research was cut 

from the single crystal consisting of a transparent hexahe-
dral prism, green in color and of the order of 5 mm high, in 
a direction close to the C3 axis and had the size of 1.5 mm 
(along the С3 axis), 1 mm (along the С2 axis), and 1 mm 
(⊥ to the С2 axis). The working faces of the samples were 
polished with the corundum powder. Plane-parallelism of 
the faces was controlled by the optimeter and was not lower 
than 0.003°. 

The crystal elastic characteristics were studied using a 
pulsed ultrasonic method for simultaneous measurement 
of the velocity and attenuation of sound waves propagating 
in the crystal. Measurements of the relative changes of the 
velocity and attenuation of the sound were performed us-
ing the automated apparatus described in [11]. We investi-
gated the behavior of the velocity of transverse acoustic 
modes depending on temperature. The precision of the 
measurements with the thickness of samples ~ 0.5 mm was 
about ~ 10–4 for the velocity and the working frequency was 
54.3 MHz. The range of the temperature was 1.7–120 K. 

3. Experimental results 

3.1. Phonon scattering 

The room-temperature Raman spectra of the 
Nd0.75Dy0.25Fe3(BO3)4 for all studied polarization configura-
tions are presented in the frequency region up to 1500 cm–1 
in Fig. 2. There are phonon modes with the linewidth of not 
exceeding 15 cm–1. The assignment of the phonon modes 
to the external and internal optical BO3 vibrations was 

performed on the example of Raman analysis of rare-earth 
borates [8] and they are indicated by the horizontal bars 
in Fig. 2. The sharpness of the observed phonon modes 
indicates the high quality of the studied single crystal. 
The spectra show a strong deviation in the different scat-
tering geometry. The frequencies of the observed Raman-
active vibrational modes in Nd0.75Dy0.25Fe3(BO3)4, taken 
at T = 295 K together with these ones for pure NdFe3(BO3)4, 
and their symmetry assignment [8] are presented in Table 1. 
The origin of the mode marked with “*” is unclear. It is 
observed only in the case of ck  with the parallel polari-
zation of the incoming and scattered light. Perhaps it is a 
local mode that can be observed in the binary crystal. 

To get more insight into the phonon dynamics, we ana-
lyzed the temperature dependence of the phonon line pa-
rameters. The phonon lines have the symmetric shape and 
were fit with Lorentzian profiles in the whole investigated 
temperature range. Figure 3(a) shows the frequency region 
of 300–370 cm–1 containing the most pronouncing external 
modes: 313.9 and 356.8 cm–1. The characteristic parame-
ters on the Lorentzians [peak position, full width at half 
maximum (FWHM) and normalized intensity] are presen-
ted in Fig. 3(b). An analysis of the temperature behavior of 
these external phonon modes reveals three anomalies 
around the characteristic temperature points: TCR2 = 16 K, 
TCR1 = 26 K, TN = 32 K, and T* = 100 K [Fig. 3(b)]. The 
notable change in the phonon peak positions near the mag-
netic transition points is explained by the strong spin-
phonon coupling. The linewidth demonstrates the typical 
exponential dependence that can be described in terms of 
an anharmonic model of phonon decay processes [13]. The 
peak intensity increases up to TCR2 with cooling and comes 
to the plateau. It is determined by the change of the dielec-
tric function, i.e., the polarizability, and suggests the deli-
cate nature of the electronic band reconstruction. 

Fig. 1. (Color online) The crystalline structure of the 
Nd0.75Dy0.25Fe3(BO3)4 unit cell. The FeO6 octahedra and 
Nd0.75/Dy0.25O6  trigonal prisms are presented in grey and orange 
colors, respectively. O and B atoms are shown in red and green 
colors, respectively. The crystal structure is drawn using VESTA 
software [10]. 

a

c

b

Fig. 2. (Color online) The room-temperature Raman spectra of 
the Nd0.75Dy0.25Fe3(BO3)4 taken in the different polarization con-
figurations. The regions assigned to the external optical vibrations 
and the internal BO3 vibrations are indicated by the horizontal bars. 
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Figure 4(a) shows the measured temperature-dependent 
Raman spectra in the region of 920–1020 cm–1. The per-
formed polarization analysis suggests that the pronounced 
952 cm–1 mode can be assigned to the internal mode BO3 
vibrations [8]. Figure 4(b) collects the temperature-depen-
dent parameters of the 952 cm–1 mode: peak position, 
FWHM and normalized intensity. In contrast to the tempera-
ture evolution of the external modes presented in Fig. 3(b), 
the internal 952 cm–1 BO3 phonon mode shows the deviation 
from the typical behavior only at one temperature, T* = 100 K. 
The anomaly in the same temperature T* = 100 K was 
revealed in the velocity and absorption behavior of the 
transverse acoustic modes of the related compound 
Nd0.6Dy0.4Fe3(BO3)4 [14]. The authors attributed this anoma-
ly to the structural distortions induced by the Dy3+ ions. 

We now turn to the acoustic characteristics of the 
Nd0.75Dy0.25Fe3(BO3)4 crystal. The low-temperature beha-
vior of the velocities of acoustic modes have been studied 
earlier and published in Refs. 15–17. All transverse veloci-
ties show anomalies at the temperatures TN = 32 K — the 
kink, TCR1 = 25 K, and TCR2 = 16 K — jumps ~ 0.5% corre-
sponding to phase transitions in the magnetic subsystem of 

the crystal, see Fig. 5. At the TN = 32 K, the compound 
transforms into a magnetically ordered state, and a collin-
ear antiferromagnetic structure with an “easy-plane” ani-
sotropy is realized. The temperature TCR2 = 16 K corre-
sponds to the transition to the easy-axis phase, which exists 
down to the lowest temperatures. In the range of 25–16 K, 
a certain intermediate “oblique” phase is realized, the magnet-
ic structure of which has not yet been finally determined. 

In the present work, we have analyzed the behavior of 
acoustic characteristics in the wider temperature range of 
2–120 K, including the region of the paramagnetic state 
(Fig. 5). At temperatures from 120 to 100 K, the velocities of 
some of transverse modes [С44 mode (q || c, u || b), mode 
(q || a, u || c), and mode (q || a, u || b), where q is the wave 
vector, and u is the polarization] with decreasing temperature, 
i.e., they exhibit typical solid-state behavior without any 
anomalies. With further cooling, in the range between *T  = 
≈ 100 K and **T  ≈ 60 K, a plateau is observed in the behavior 
of the velocities, which below **T  ≈ 60 K is replaced by a 
noticeable softening. As an example, Fig. 5 shows the 
temperature dependence of the relative changes in the ve-
locity of the transverse acoustic C44 mode. 

Table 1. The comparative analysis of the observed vibrational modes for the high-temperature R32 structure of 
Nd0.75Dy0.25Fe3(BO3)4 together with these ones for pure NdFe3(BO3)4 [8]. Data in brackets are from Ref. 12 

Nd0.75Dy0.25Fe3(BO3)4, T = 295 K NdFe3(BO3)4 [1, 12] 

External modes (3A1 + 11E) 

A1 ETO ELO A1 ETO ELO 
179.9 
301.1 
327* 
475 

85.1 
159 

194.2 
 

264.5 
272.7 
313.9 
353.3 
387.8 
441.4 

 

94.6 
159.6 

 
230.5 
268.5 
283.6 
332.4 
356.8 
387.8 
441 

487.9 

180 (176) 
298 (297) 

 
473 (470) 

89 
 
 

(221) 
260 (257) 
272 (269) 
312 (308) 
354 (349) 

 
(436) 
475 

93 (90) 
159 (155) 
193 (190) 
232 (224) 
266 (265) 
281 (278) 
332 (328) 
356 (351) 

384 
439 (436) 
488 (485) 

Internal modes (4A1 + 8E) 

A1 ETO ELO A1 E (ETO/ELO) 
637 
952 

984.6 
1223 

580.9 
627.3 
667.7 
732.1 

 
988.5 

1188.1 
1216 

1283.2 

581.2 
627 

 
736.5 

 
1200.4 
1219.4 
1240.7 

 
1411.9 

636 (947) 
950 

990 (985) 
1220 (1219) 

579 (–/576) 
625 (622/622) 

669 
734 (730/–) 

968 
1195 (1182/1194) 

1218 (–/1214) 
1244 (–/1238) 
1260 (1280/–) 
1413 (–/1407) 
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Since no peculiarities in the behavior of the heat capaci-
ty and magnetization in the paramagnetic temperature 
range were recorded [5], we assumed that the anomalous 
behavior of the acoustic modes’ velocities is associated 
with changes in the phonon (but not magnetic) subsystem 
of the crystal. The fact that not all, but only some of the 
possible acoustic modes demonstrate anomalous behavior 
above the Néel temperature, in the absence of well-
localized features at a specific temperature, gives grounds 
to assert that a structural phase transition with a change in 
the space symmetry group does not occur in the crystal. We 
can only talk about possible lattice distortions associated 

with sufficiently high dysprosium ions content in the com-
pound. To remind, at the temperature ≈ 280 K the first or-
der phase transition (R32 → P3121) is realized in dysprosi-
um ferroborate [3, 9]. Note that we observed a similar be-
behavior of the temperature dependences of velocities of 
some transverse modes in the related compound 
Nd0.6Dy0.4Fe3(BO3)4 [14]. However, in this case, with tem-
perature decreasing, the velocity of the C44 mode in-
creased, reaching a maximum at *T  ≈ 100 K, and then sof-
tened, experiencing a kink at **T  ≈ 60 K, up to a jump at 
TN (see inset in Fig. 5).

 

Fig. 3. (a) The temperature evolution of Raman spectra in the 
region of 300–370 cm–1. (b) Temperature dependences of the peak 
position, linewidth, and normalized intensity of two external pho-
non modes (313.9 and 356.8 cm–1) of Nd0.75Dy0.25Fe3(BO3)4. The 
dashed lines indicate the B-spline fitting. The vertical dashed lines 
indicate the magnetic transitions, TN, TCR1, and TCR2, and structu-
ral distortion, T*, temperatures. 

300

200 K

150 K

250 K

295 K

100 K

50 K

25 K

20 K

16 K

13 K

10 K

In
te

ns
ity

 a
rb

.u
ni

ts
,

7 K

Raman shift  cm, –1
320 360340

313

314

354

356

3
4
5
6

6
8
10
12

100

50

100

0

50

100

 F
re

qu
en

cy
cm, 

–1

 

 

 

 

 

FW
FM

 cm,
–1

  

 

In
te

ns
ity

 ar
b.

 u
ni

ts
,

T, K

TCR1

 

 

TCR2 TN T*(b)

100 10010
T, K

TCR1
TCR2 TN T*

( )a

Fig. 4. (a) The temperature evolution of Raman spectra in the 
region of 920–1020 cm–1. (b) Temperature dependences of fre-
quency, linewidth, and normalized intensity of the internal BO3 
phonon mode at 952 cm–1. The dashed lines indicate the B-spline 
fitting. 
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3.2. Magnetic excitations 

In contrast to pure neodymium and dysprosium ferro-
borates, Nd0.75Dy0.25Fe3(BO3)4 has a complex phase diagram 
with a cascade of magnetic phase transitions at temperatures 
[15–17], which is a manifestation of the interplay of mag-
netic sublattices formed by the Nd3+, Dy3+, and Fe3+ ions. 
Raman spectroscopy is a sensitive technique for probing 
the excitations related to long- and short-range magnetic 
interactions as well as magnetic fluctuations. The previous-
ly held spectroscopic study of the rare-earth ferroborates 
RFe3(BO3)4 (Gd, Tb, Nd, Er, and Y) showed that the Fe-

sublattice ordering leads to a strong suppression of the 
broad low-energy magnetic scattering and to the appear-
ance of a two-magnon signal in the spectra [8]. A similar 
picture of magnetic excitations was observed in the Raman 
study of SmFe3(BO3)4 [18].  

Magnetic scattering in Nd0.75Dy0.25Fe3(BO3)4 is evident 
as quasielastic scattering (QS, E ≈ 0) and as two-magnon 
scattering, both with characteristic polarization and tem-
perature dependences in intensity and frequency. 

Figure 6(a) zooms into the low-frequency part of the 
Raman spectra of Nd0.75Dy0.25Fe3(BO3)4 measured at T = 7 K 
in different polarization configurations. A multiple peaked 
broad band with peaks at 43.5, 50.8, and 59.8 cm–1 is pre-
sent in the spectra with aa, ba, and ac polarization configu-
rations. No evidence of magnetic scattering is found when 
polarizations of the incident and scattered lights are paral-
lel to the c axis. This observed structured band can be at-
tributed to two-magnon Raman scattering, arising from a 
double spin-flip process involving neighboring sites. In 
compounds with complex lattice structure, several magnet-
ic ions per unit cell and competing magnetic exchange in-
teractions the two-magnon Raman spectrum is expected to 
comprise a few bands [19]. In the case of RFe3(BO3)4, one 
should expect the presence of three bands in the two-magnon 
spectrum arising from three magnon branches representing 
spin excitations on the iron chains. Indeed, qualitatively sim-
ilar two-magnon spectra were observed in the magnetically 
ordered phase of several RFe3(BO3)4 compounds, evidenc-
ing that the compositional and structural differences be-
tween them do not strongly affect the magnetism and the 
magnetic excitation spectra [8]. 

Fig. 5. The temperature behavior of relative changes of the 
velocity (∆s/s) of the transverse acoustic mode C44 (q || c, u || b) 
of the Nd0.75Dy0.25Fe3(BO3)4. Inset: The temperature behavior 
of the velocity of the transverse acoustic mode C44 of the 
Nd0.6Dy0.4Fe3(BO3)4 [13]. 

Fig. 6. (Color online) (a) Low-frequency part of the Raman spectra of Nd0.75Dy0.25Fe3(BO3)4 taken at T = 7 K in four polarization con-
figurations. (b) Temperature-dependent low-frequency Raman spectra taken in aa polarizations. Cyan shading in (a) and (b) depicts the 
multiple peaked two-magnon signal at T = 7 K. 
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Figure 6(b) shows the temperature evolution of the low-
frequency part of the Raman spectra of Nd0.75Dy0.25Fe3(BO3)4 
measured in the aa polarization configuration. The two-
magnon spectrum behaves as expected for the conventional 
magnetic system: its intensity is suppressed; the frequency 
position softens continuously and excitation hides under 
wing of the QS line on the approach to the Néel tempera-
ture with heating. The temperature behavior of QS signal 
will be discussed below. 

A striking feature of the magnetic scattering in 
Nd0.75Dy0.25Fe3(BO3)4, as shown in Fig. 7, is the absence of 
a QS signal in the ac scattering geometry and persistence 
of the wide magnetic scattering in an anomalous shape in a 
wide temperature range. Systematic analysis of this con-
tinuum may provide crucial informations about the under-
lying long-wavelength dynamical spin fluctuations. The 
Raman response shows a significant build-up of the inten-
sity below ~ 500 cm–1 on increasing the temperature from 
T = 20 K up to T = 150 K, and it remains unchanged upon 

further heating. This characteristic scattering feature is 
different from the conventional magnetic system, where 
quantum spin fluctuations quenched to zero quickly below 
TN in the ordered phase also [20], but decay exponentially 
fast above TN. Similar wide magnetic scattering signal ex-
tending up to ~ 500 cm–1 (not shown here) was observed 
also in the aa and ab scattering configurations and was fully 
absent in the cc. At present, one cannot draw a definite 
conclusion, but the results do strongly suggest that short-
range order correlations in the spin system survive up to 
quite high temperatures. Most likely interplay between the 
low dimensionality, magnetic frustration, and strong inter-
action between spin, electron and lattice subsystems are 
responsible for the observed unique behavior of the mag-
netic scattering up to several times TN and deserves further 
studies. Note that a magnetic continuum of a similar shape 
was observed in Raman studies of a strongly spin-orbit-
coupled Mott insulator Sm2ZnIrO6 [21] and was interpre-
ted as a characteristic feature of the Kitaev physics.  

We will turn now to the QS observed in the aa [Fig. 6(b)] 
and ab Raman spectra of Nd0.75Dy0.25Fe3(BO3)4. Tempera-
ture evolution of its integrated intensity is shown in Fig. 8(a). 
With temperature decreasing down to TN, the intensity of 
quasielastic scattering increases indicating the rise of the 
short-range correlations in the subsystems. In the tempera-
ture range between TN and TCR1 the intensity of the QS is 
nearly constant and than it decreases dramatically. A simi-
lar QS signal, identified as a “paramagnon” scattering, was 
observed and discussed in Ref. 8 in the study of several 
members of the RFe3(BO3)4 family. The origin of this un-
precedentedly interesting paramagnon scattering contin-
uum was not attributed to the usual energy diffusion ob-
served in a variety of other magnetic system, but, presu-
mably, indicates the presence of short-range spin-spin cor-
relations arising from the low-dimensional nature of these 
compounds and the strong spin-lattice interactions. We do 
not exclude also the contribution of electronic correlations 

Fig. 7. (Color online) Temperature evolution of the magnetic 
background continuum in Nd0.75Dy0.25Fe3(BO3)4 taken in the ac 
polarization configurations. Yellow shading depicts the continu-
um at T = 295 K. The black arrow marks the decrease in the 
magnetic background continuum upon cooling. 
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to the formation of the QS signal. This may follow from 
the temperature behavior of the intensity of the crystal field 
excitations between the levels of the ground-state 4I9/2 
multiplet of Nd3+ [22] and the ground-state 6H15/2 multiplet 
of Dy3+ [23], similar to the QS signal [see Fig. 8(b), where 
intensity vs temperature for the sum of the 111.9 and 149 cm–1 
electronic modes is shown]. Moreover, two low-energy 
electronic excitations overlap with the magnetic signal. It 
is well known that low-frequency excitations of different 
origin but with the same types of symmetry can interact 
resonantly and hybridize. Such interaction can lead to vari-
ous effects, including energy shifts, asymmetric line Fano 
shapes, changing of spectral strengths, and violation of the 
selection rules, which complicate the correct interpretation 
of experimental data. 

3.3. Electronic excitations 

Having discussed phonon and magnetic excitations, we 
turn to discussion of the local electronic crystal field pro-
bed through excitations on the Nd3+ and Dy3+ sites. The CF 
levels derived from the free-ion ground-state multiplet 
are often the most important ones to characterize a com-
pound, since they may be used as a local probe and gov-
ern the magnetic, low-temperature thermal, and transport 
properties. The energies of Nd3+ CF levels in the parent 
NdFe3(BO3)4 were calculated and experimentally found 
by analyzing the high-resolution temperature-dependent 
polarized absorption spectra in Ref. 22. The energies of 
the lower levels of the main multiplet of the Nd3+ and Dy3+ 

ions in Nd0.75Dy0.25Fe3(BO3)4, split by the crystal field, 
were calculated in Ref. 23. Scheme of Nd3+ ions levels
split by CF and of optical transitions are shown in Fig. 9. 
Table 2 lists measured and calculated CF energies of the 
Nd3+ ion in NdFe3(BO3)4 [22] and calculated of the Nd3+ 

and Dy3+ ions in Nd0.75Dy0.25Fe3(BO3)4 [23]. 
Figure 10 shows Raman spectra of Nd0.75Dy0.25Fe3(BO3)4 

measured at different temperatures in the frequency range 
of the Nd3+ transitions between the CF split levels of the 4I9/2 

ground state. It is clear seen that at temperatures T > T *, the 
very wide bands (up to 70 cm–1) centred at frequencies 67, 
132, and 214 cm–1 are presented in the spectra. It is a rea-
son to suppose that these lines are related to low-energy 
electronic transitions between the levels of the ground-state 
multiplets of rare-earth ions. Upon cooling through T *, 

abrupt changes occur in the spectra: the bands narrow, the 
intensity sharply increase, and some of them are split. 
Comparing the experimentally observed energies of the CF 
excitations with those given in Table 2 of previous studies, 
we can attribute excitations with energies 73.4, 149, and 
237.7 cm–1 to the transitions I–II, I–III, and I–IV between 
the CF levels of the Nd3+ ground-state 4I9/2 multiplet  and exci-
tations with energies 73.4 and 201.5 cm–1 to the transitions 
I*–III* and I*–IV* between the CF levels of the Dy3+ 
ground-state 6H15/2 multiplet,  respectively. The tempera-
ture behavior of the low-frequency СF excitations is in a 
good agreement with behavior of optical and acoustic pho-
nons, namely, once again indicates the presence of a spe-
cific temperature T *, at which, as we believe, changes in 
the parameters of the crystal field occur.

We turn attention to the next features observed in the 
low-frequency Raman spectra of Nd0.75Dy0.25Fe3(BO3)4 
[see Fig. (10)]: 

(i) The Kramer’s doublets of the Nd3+ ion split below
the Néel temperature due to the magnetic exchange inter-
action and we observe the I–III CF mode splitting of the 
order of 8.4 cm–1 (see Figs. 9 and 10) which is in a good 
agreement with the data of Fig. 10(a).  

(ii) Phonon lines having Fano profiles are superposed
on a wide CF excitations, which indicate a strong electron-
phonon interaction. 

Table 2. Measured at T = 50 K [22] and calculated [22, 23] crystal-field energies Δ(cm–1) = Ei – EI of the 4I9/2 Nd3+ and the 6H15/2 

Dy3+ multiplets in NdFe3(BO3)4 and Nd0.75Dy0.25Fe3(BO3)4 

2S+1Lj, R Compound, Ref. Δ = Ei – EI, cm–1

4I9/2, Nd3+ NdFe3(BO3)4 [22], Theory 
NdFe3(BO3)4 [22], Experiment 

Nd0.75Dy0.25Fe3(BO3)4 [23], Theory 

I — 0, II — 66, III — 141, IV — 220, V — 310 
I — 0, II — 65, III — 141, IV — 221, V — 322 
I — 0, II — 79.2, III — 165.8, IV — 261 

6H15/2, Dy3+ Nd0.75Dy0.25Fe3(BO3)4 [23], Theory I* — 0, II* — 21.9, III* — 108.6, IV* — 207

Fig. 9. (Color online) Scheme of the Nd3+ ions levels split by the 
CF and of optical transitions. 
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(iii) A splitting of some phonon modes and the appear-
ance of new modes below TN are observed. The discussion 
of the nature of this phenomenon is out of scope of the 
present study and is the object of our future studies. We 
suppose that one of the reasons of this phenomenon may 
be a zone folding in the magnetically ordered state. 

Another intrigue observation arises in analyzing the 
high-frequency part of Raman spectra in the frequency 
range of 1700–2200 cm–1 [Fig. 11(a)]. It seems that these ex-
citations can be attributed to electronic transitions between 
crystal field states of the Nd3+ ion [22]. A group of intense 
bands observed in the frequency range of 1700–2200 cm–1 
can be associated with the mixed low-lying electronic Raman 
transition 4I9/2 → 4I11/2 and the high-energy luminescence tran-
sitions 4G5/2 + 

2G7/2 → 4I9/2 of the Nd3+ ion [Fig. 11(b)]. These 
states cannot be simply separated and identified due to 
close energy proximity. Nevertheless, based on an analysis 
of the temperature behavior of the intensities of high-
frequency excitations, we can assign the lines labeled 
from 1′ to 6′ [which corresponds to the transitions from 
I→a to I→f, shown in Fig. 9] to the first group and the 
lines marked 1″ to 9″ to the second one [Fig. 11(c)]. The 
frequencies of the 4I9/2 → 4I11/2 electronic transitions mea-
sured at T = 50 K for Nd0.75Dy0.25Fe3(BO3)4 and pure 
NdFe3(BO3)4 [22] are presented in Table 3. The small dif-
ference between the energies of the electronic transitions 
observed for both samples may be explained by the moderate 
disturbance induced by the Dy3+ ions. The energies of the 
transitions between 4G5/2 + 2G7/2 levels and the levels within 
the main 4I9/2 multiplet, 4G5/2 + 2G7/2 → 4I9/2 are 1″ — 16606, 
2″ — 16910, 3″ — 16927, 4″ — 16948, 5″ — 16960, 6″ — 
17010, 7″ — 17027, 8″ — 17052, and 9″ — 17066 cm–1. 

The temperature evolution of the electronic bands 
demonstrates a complicated character. The first group of 

the bands assigned to electronic transition 4I9/2→4I11/2, be-
gins to show up below 200–175 K upon cooling. The 
bands’ intensity increases, and the bands are subject to 
structuring as the temperature approaches TN demonstra-
ting a strong magnetoelectric effect. At around TCR2, the 
intensity catastrophically falls down. The contours of the 
bands are detected at low temperatures. The temperature 
behavior of the above mentioned bands correlates to the 
temperature evolution of the low-frequency electronic 
bands caused by the electronic transitions between the 
levels of the 4I9/2 multiplet of Nd3+ [Fig. 10(a)]. The se-
cond bands’ group, caused by the electronic transitions 
from the mixed 4G5/2 and 2G7/2 multiplets to 4I9/2 one, 
demonstrates a different behavior compared to the first one. 
This group is observed at room temperature. The bands 
intensity increases upon cooling down to about 100 K 
with subsequent falling. Below TN, the bands belonging to 
the second group are not detectable. The complicated 
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Fig. 10. (Color online) (a) Temperature-dependent Raman spectra of Nd0.75Dy0.25Fe3(BO3)4 measured in the frequency region of the 
low-frequency crystal field excitation in the aa (a) and ac (b) scattering configurations. 

Table 3. Frequencies of the observed electronic transitions ex-
tracted from Raman spectra of Nd0.75Dy0.25Fe3(BO3)4 together 
with these ones for pure NdFe3(BO3)4 [22] 

Line 
[Fig. 11(c)] 

Nd0.75Dy0.25Fe3(BO3)4, 
T = 50 K 

present study 

NdFe3(BO3)4, 
T = 50 K [22] 

Frequency of 4I9/2 → 4I11/2 [cm–1] 

1′ 1908 1949 
2′ 1944 1955 
3′ 1981 1979 
4′ 2011 2053 
5′ 2053 2087 
6′ 2095 2131 
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temperature evolution of the electronic bands might be 
explained by the appearance of the strong exchange cou-
pling of the magnetic sublattices saturated by the different 
types of the magnetic ions below TN. It can cause the 
structural change of the positions of the magnetic ions and 
the exchange splitting of Kramers doublets of the Nd3+ ion 
that significantly depletes the base levels. This, in turn, is 
reflected in the complicated temperature evolution of the 
electronic band intensities that was observed early in spec-
troscopic studies of the rare-earth crystal systems [24, 25]. 
Unfortunately, we cannot restore the electronic structure of 
the Nd0.75Dy0.25Fe3(BO3)4 single crystal using only Raman 
spectroscopy. Therefore, a more detailed study of the elec-
tronic structure of the Nd1–xDyxFe3(BO3)4 family using 
alternative optical methods is planned. 

4. Conclusion

In summary, we have presented the Raman scattering 
study of the Nd0.75Dy0.25Fe3(BO3)4 single crystal in wide 
frequency region of 12–2500 cm–1 at temperatures 7–295 K. 
Raman studies were supported by the ultrasonic measure-

ments. Raman spectroscopy is a highly sensitive and in-
formative nondestructive method allowing probing simul-
taneously the elementary quantum excitations. The per-
formed detailed analysis of polarized Raman spectra 
revealed the bands assigned to phonon, magnetic, and elec-
tronic excitations. All A1 and Е phonon modes, predicted 
by the group-theory analysis, were revealed in Raman 
spectra and have been classified into either internal or ex-
ternal modes. Phonon Raman scattering indicates strong 
spin-lattice coupling by revealing distinct anomalies at 
temperatures T *, TCR1, TCR2, and TN. Magnetic scattering in 
Nd0.75Dy0.25Fe3(BO3)4 is evident as quasielastic scattering, 
wide magnetic background continuum, and multiple 
peaked two-magnon signal. The most surprising thing is 
that quasielastic scattering with a significant temperature 
dependence was observed in ck  geometry, i.e., with excit-
ing light directed along the c axis of the crystal. Moreover, 
the temperature dependence of the QC signal intensity is 
practically identical to that of the magnetic susceptibility, χc, 
of easy-axis rare-earth ferroborates [26]. In the paramagnetic 
region, the magnetic susceptibility along the c axis obeys the 

Fig. 11. (Color online) (a) Color contour plot of the electronic bands’ intensity in the temperature vs. Raman shift plane. (b) Temperature 
evolution of Raman spectra ranging from 1700 to 2200 cm–1. The spectra are shifted vertically for clarity. (c) Raman spectrum taken at T = 
= 50 K is fitted to a sum of Lorentzian profiles. The blue solid thick line stands for the experimental data, the red dashed line represents the 
total sum of a fitting, and the thin solid colored lines are the individual fitting profiles. The lines labeled 1' to 6' may be assigned to the Ra-
man 4I9/2 → 4I11/2 transitions and the lines marked 1″ to 9″ may be assigned to the luminescence transitions 4G5/2 + 2G7/2 → 4I9/2. 
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Curie–Weiss law, and at T < TN it sharply decreases. At the 
same time, χ measured along the axes in the basal ab plane 
changes insignificantly with temperature. The observed in the 
Raman spectra bands at 73.4, 149, and 237.7 cm–1 have been 
assigned to electronic transitions between the CF levels of the 
Nd3+ ground-state 4I9/2 multiplet and bands at 111.9 and 
201.5 cm–1 — to the transitions between the CF levels of the 
Dy3+ ion with ground-state 6H15/2 multiplet. A group of intense 
bands observed in the frequency range of 1700–2200 cm–1 has 
been associated with the mixed electronic Raman 4I11/2→4I9/2 
and luminescence 4G5/2 + 2G7/2→4I9/2 transitions in the Nd3+ 
ion, which demonstrate different temperature behavior. The 
complicated temperature evolution of the high-frequency 
electronic bands is explained by the strong exchange competi-
tion coupling of the magnetic sublattices formed by the differ-
ent types of the magnetic ions below TN. The study of the 
Nd0.75Dy0.25Fe3(BO3)4 single crystal provides the new oppor-
tunity to examine the coupling effects of phonon, magnetic 
and electronic subsystems. 
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Раманівська спектроскопія монокристала 
рідкісноземельного бінарного фероборату 

Nd0,75Dy0,25Fe3(BO3)4 

A. Yu. Glamazda, V. P. Gnezdilov, P. Lemmens, 
G. A. Zvyagina, I. A. Gudim 

Представлено результати раманівських досліджень моно-
кристала бінарного фероборату Nd0,75Dy0,25Fe3(BO3)4 при 
лазерному збудженні 532 нм (18797 см–1) в діапазоні темпе-
ратур 7–295 K. Аналіз отриманих поляризованих раманів-
ських спектрів виявив смуги, які були віднесені до фононних, 
магнітних та електронних збуджень. На підставі температурної 
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еволюції смуг встановлено складний зв’язок та взаємодію 
між гратковими, магнітними й електронними ступенями сво-
боди. Аналіз отриманих спектрів дозволив виявити всі А1 та 
Е фононні моди, передбачені груповим теоретичним аналі-
зом. Визначено енергії розщеплення між LO і TO компонен-
тами полярних E-фононів. Нижче температури магнітного 
впорядкування Fe-підгратки, TN, виявлена складна багато-
пікова смуга, яка віднесена до двомагнонного збудження. 
Температурна залежність низькочастотних раманівських 
спектрів виявила моди, пов’язані з електронними переходами 
між рівнями мультиплетів 4I9/2 основного стану Nd3+ та 6H15/2 
основного стану Dy3+, отримані в результаті дії кристаліч-
ного поля. Аналіз температурної поведінки низькочастотних 

фононних та електронних збуджень дозволив встановити 
аномалію поблизу T* = 100 K, ймовірно, пов’язану з локаль-
ними спотвореннями кристалічної гратки. Наявність цієї 
температури підтверджується ультразвуковими досліджен-
нями. Група інтенсивних смуг, що спостерігається в рама-
нівському спектрі в діапазоні частот 1700–2200 см–1, пов’я-
зана зі змішаними низько розташованими електронними 
раманівськими 4I9/2 → 

4I11/2 та високоенергетичними люмі-
несцентними 4G5/2 + 2G7/2→4I9/2 переходами в Nd3+ іоні. 

Ключові слова: фероборати, раманівськa спектроскопія, 
люмінесценція.
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