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ABSTRACT ARTICLE HISTORY
Raman spectra changes in multiferroic Ho;_,Nd,Fe;(BOs), (x = 0, 0.25, Received 29 August 2016
0.5, 0.75) and Sm;_,La,Fe3(BOs)s (y = 0, 0.75) single crystals at low Accepted 21 November 2016
temperatures have been analyzed. The anomalies corresponding to KEYWORDS

the phase transition of the second order have been detected at the Raman spectra; magnetic
temperatures of magnetic phase transitions, being consistent with ordering; huntite; rare-earth
previously reported results of the magnetization study. A number of ferroborates

anomalies in the temperature dependences of the spectral lines

associated with the occurrence of magnetic order. A mode

corresponding to two-magnon scattering was revealed. Comparison of

the features of low-temperature low-frequency spectra of solid

solutions Ho-Nd and Sm-La has been carried out.

1. Introduction

Multiferroic materials demonstrating the coexistence of at least two ferroic orders ((anti)fer-
roelectric, (anti)ferromagnetic, and (anti)ferroelastic) are expected to find applications in
many devices. Among these materials, the ones with the coexistence of ferroelectricity and
ferromagnetism are the most promising. In this case, a strong coupling between the two fer-
roic orders is of utmost importance, as in multiferroic materials the coupling between differ-
ent order parameters can produce additional functionalities. The application of multiferroics
will make it possible to enlarge significantly the functional possibilities of spintronics.
Crystals of the RFe;(BO3), family (R is a rare earth ion) were reported to possess multifer-
roic features, demonstrating both structural and magnetic phase transitions [1-4], where
transition points may vary by rare earth composition. The high-temperature phase of crys-
tals with a huntite structure has trigonal symmetry with space group R32. Depending on the
radii ratio of the rare-earth and metal ions, the structural phase transition to the phase with
P3121 space symmetry can be realized in huntites. This phase transition does not take place
in Sm; (La,Fe;(BOs), (x = 0, 0.75). At low temperatures, these crystals possess trigonal sym-
metry with space group R32. The magnetic moments of the Fe ions in Sm; (La,Fe;(BO;),
(x = 0, 0.75) are ordered antiferromagnetically at Ty = 32 K (x = 0) and Ty = 31 K
(x = 0.75) and are located in the basal plane ab. The magnetic moments of samarium ions,
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biased by the exchange field of the Fe subsystem, are also located in the basal plane. Under
substitution of the Sm ions by the nonmagnetic lanthanum ions, the antiferromagnetic inter-
actions between the iron and rare-earth subsystems become weaker. This fact is confirmed
by the total magnetic moment increasing [5].

In this work, we used Raman spectroscopy to study Ho; (Nd,Fe;(BOs), (x = 0, 0.25, 0.5,
0.75) and Sm, _,La Fe;(BO3), (y = 0, 0.75) single crystals. The aim of this study is to investi-
gate possible existence of a soft mode and effects of magnetic transitions on Raman spectra.

2. Experiment

Temperature measurements were performed in the temperature range 10-75 K. Raman
spectra of the single crystals were recorded with a Horiba Jobin Yvon T64000 triple spec-
trometer equipped with a liquid nitrogen cooled charge coupled device detection system in
subtractive dispersion mode using backscattering geometry. Ar+ ion laser Spectra-Physics
Stabilite 2017 with 4 = 514.5 nm and 7 mW power on a sample was used as an excitation
light source. Temperature measurements were carried out with closed cycle ARS CS204-X1.
SS helium cryostat controlled by LakeShore 340 temperature controller. The temperature
was monitored by LakeShore DT-6SD1.4L silicon diode. Indium foil was used as a thermal
interface. Measurements were taken inside the cryostat under pressure of 10~° mBar. The
spectra were studied with a temperature step 0.5 K. This measurement protocol was the
same as that described in Refs. [6, 7].

3. Results and discussion

Raman spectra of Sm-La system have no changes associated with structural phase tran-
sition in the entire temperature range. Raman spectra change at low temperatures T =
10-75 K, including the region of the magnetic phase transition, has been analyzed. The
anomalies corresponding to the phase transition of the second order have been detected
at temperatures Ty = 32 K (x = 0) and Ty = 31 K (x = 0.75) in the spectra of the
studied compounds. These temperatures correspond to those of magnetic phase transi-
tions and are consistent with previously reported results of the magnetization study. It
was found, that one of the major changes in the spectrum occurred in the low-fre-
quency range (below 100 cm™'). A mode corresponding to two-magnon scattering is
observed there (Fig. 1). Detailed studies have shown that this mode has internal struc-
ture due to a number of unstable modes (40-80 cm™'). Nevertheless, the nature of the
changes relevant to the phase transition for crystals with different quantity Sm and La
is different. It can be seen in the offset lines below the temperature of the magnetic
phase transition similar to those previously observed in TbFe(BO;), [8], as well as in
the emergence of new lines below the temperature of the magnetic phase transition in
the solid solutions Nd;_ Ho,Fe;(BO3),.

In Nd-doped crystals, significant modification of Raman scattering was induced by mag-
netic ordering below the Neel temperature (about 40 K), that include both magnon scatter-
ing and strong intensity redistribution of lattice modes [7]. This is caused by appearance of
the low wavenumber mode due to magnetoelastic scattering in the crystal, which is strongly
temperature-dependent below the Neel temperature. Detailed study of this magnon revealed
the presence of an internal structure consisting of a number of unstable vibrations
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Figure 1. The low wavenumber part of Raman spectra of the single crystals Sm;_La,Fes(BOs), (x = 0;
0.75).

(40-80 cm ™' at x = 0 and 30-75 cm™ ' at x = 0.75) (Fig. 2). This result is consistent with the
Raman spectroscopy study of other compounds of the rare-earth ferroborates family
(R = Nd, Gd, Y, Tb). Indeed, with the appearance of long-range magnetic order in the
iron subsystem, the Raman spectra demonstrate the growth of a broad-structured scat-
tering band ascribed to two-magnon Raman scattering, followed by the creation of the
magnon pair. The center position of this broad magnetic scattering band in the spec-
trum of studied huntites Sm;_La,Fe;(BO3)4 (x = 0, 0.75) depends on the radius of the
rare-earth ion. What confirms an earlier assumption about the direct proportional
dependence of the center position shift on the ionic radii (R(Nd) = 0.983 A, R(Sm) =
0.958 A, R(La) = 1.032 A) [2]. Another typical feature of the low-wavenumber Raman
spectra of magnetically-ordered phase ferroborates is the low-frequency peak corre-
sponding to spin-flip scattering on single rare-earth ion moments [2, 10]. Here, the
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Figure 2. The low wavenumber part of Raman spectra of the single crystals Nd; Ho,Fes(BOs),; (x = O;
0.25; 0.75).

low-frequency peak was not found. This result is also consistent with the data on the
magnetization measurements of Sm;  La,Fe;(BO;), (x = 0, 0.75), where spin-flip transi-
tions are absent [5].

Below Neel temperature [11, 12], the crystals Ho;_,NdFe;(BO;), are observed to recover
the soft modes, earlier this was explained by magnon scattering [2]. Close temperatures of
magnetic transitions and the recovery patterns of magnon soft modes in pure and mixed
crystals indicate that their magnetic ordering is not related to the rare-earth subsystem and
is determined by exchange interactions in Fe—~O-Fe chains [4].

4, Conclusion

The presence of low-frequency modes emerging from the elastic line after magnetic
ordering is possible to note when we compare the features of low-temperature low-fre-
quency spectra of solid solutions Ho-Nd and Sm-La. The interesting feature of low-
temperature Raman spectra is the internal structure of this mode in Sm-La solid solu-
tion. We link of the internal structure with the splitting of the electron levels of the
magnetic ion samarium.
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