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ABSTRACT

The optical absorption spectra of an easy-plane NdFe;(BO;), antiferromagnet are measured in the region of the “Ioj» = 2Hy1 5 transition of
the of Nd>" ion. The study is performed in the 2-35 K temperature range, in external magnetic fields of up to 65 kOe directed both along
the C; axis and the basal plane of the crystal. The splitting values of the Nd>" excited states in the exchange field of the Fe>" subsystem and
the g-factors of the *H;,;, multiplet states are determined. The nontrivial dependences of the splitting of some Nd** states in a magnetic
field indicate that these states have anisotropic Fe-Nd exchange interaction.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116545

1. INTRODUCTION

The NdFe;(BO;),4 crystal belongs to the family of rare-earth tri-
gonal ferroborates with the general formula RFe;(BOs), (where R is
a rare-earth element), which have lately been the subject of intensive
studies. The interest in rare-earth ferroborates is primarily driven by
the multiferroelectric properties they exhibit, which suggest the coex-
istence of magnetic, electric, and elastic ordering.™* The magnetic
properties of the crystals belonging to the RFe;(BO;), family are
rather diverse due to the presence of two interacting magnetic sub-
systems. The exchange interaction in the subsystem of iron ions
determines the crystals’ magnetic ordering temperature, which for
most ferroborates is in the range of 30-40 K.” The rare-earth subsys-
tem acquires a magnetic moment due to the f~d exchange interac-
tion with iron ions. The subsystem of Fe>* ions (the ground state is
€Ss5,,) features rather weak easy-plane magnetic anisotropy primarily
due to dipole-dipole interaction. As a rule, rare-earth ions exhibit a
stronger magnetic anisotropy than Fe’*, and thus determine the type
of magnetic structure of the crystal. Ferroborates include both easy-
axis and easy-plane antiferromagnets; a spontaneous phase transition
from one magnetic state to another occurs in some with a change
in temperature.”” Noncollinear and incommensurate’~’ magnetic

structures have been discovered in some ferroborates. All representa-
tives of the RFe3(BOs), family have a huntite crystal structure that is
described by the R32 space group at high temperatures. Some ferro-
borates exhibit a structural phase transition to the lower symmetry
phase P3,21 with decreasing temperature."’

Neodymium ferroborate NdFe;(BO;), retains its R32 crystal
structure to a temperature as low as 2K.''™"” The rare-earth ion
occupies a position with local D; symmetry. At a temperature of
Ty~ 30-33 K antiferromagnetic ordering of the crystal occurs, and
an easy-plane structure is formed as the Fe’* and Nd** magnetic
moments are oriented along one of three second-order axes in the
basal plane of the crystal.''” It should be noted that the structure
is collinear, despite the presence of many sublattices (no less than 2
Nd*" ions and 6 Fe** ions) and low positional symmetry of Fe**
ions (C,). Three equivalent directions in the crystal correspond to
three 120° equivalent magnetic domains (excluding antiferromag-
netic degeneracy). Below T;c=13.5K, the collinear magnetic struc-
ture transforms into a long-period antiferromagnetic helix that
propagates along the C; axis, with the orientation of magnetic
moments being conserved in the basal plane.”'® If a magnetic field
is applied perpendicular to the C; axis, the helical structure decays,
and the antiferromagnetism vectors of the Nd and Fe sublattices
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become oriented perpendicular to the external field in the basal
plane;'® this spin re-orientation occurs thus in the form of a
first-order transition.'” ™"’

The optical absorption spectra of NdFe;(BO3), were studied
in detail in the spectral range 1500-25000 cm™" at temperatures
ranging from 4.2 to 300K, in Ref. 20. The authors calculated the
wave functions, energies, and g-factors of the Nd>* states in the
crystal field. It was discovered for some states that Kramers dou-
blets split in the process of magnetic ordering of the system as a
result of the exchange interaction with the subsystem of Fe ions. It
was found, in particular, that the exchange splitting of the Nd**
ground state is 8.8 cm™" at a temperature of 4.2 K.

The optical spectra of the crystal in an external magnetic field
were studied for the first time in Ref. 21. A non-trivial behavior of
the intensities of the polarized components of the Kramers doublet
15971-15978 cm ™! was observed in Nd>*, in the transverse Zeeman
geometry in the region of the optical transition *Iy/, — *H,y/,. This
phenomenon has been shown to be a reflection of the complex
pattern of effective magnetic fields that impact the Nd*>* ion. Those
fields are a superposition of the external and internal exchange
fields, the magnitude and direction of the latter field being different
for the ground and optically excited states of the Nd** ion.

The magnetic properties of the ion in an optically excited state,
as well as properties of its closest crystalline environment, can differ
significantly from those of the unexcited ions of the crystal.
Exploring the spectra in external magnetic fields makes it possible to
determine the specific features of the excited states of the ions.”” "

In Ref. 20, for the group of o, = *Hi1p2 absorption lines in
NdFe;(BO3)4, there is no information on the splitting of states
during the magnetic ordering of the crystal. At the same time, a
study of low-temperature spectra that we have conducted”’ shows
that some of the states exhibit significant splitting in the exchange
field. Apart from this, all states of the “H;;, multiplet exhibit
rather significant longitudinal or transverse components of the
g-factor.”” Due to these features, this group of transitions may be
used as a kind of “model” for studying the behavior of spectra in
magnetic fields. This article presents the temperature dependences
of NdFe;(BO;), absorption spectra in the region of o, = 2Hiip
transitions at T < Ty, and explores the spectra in external magnetic
fields oriented both along the Cj; crystallographic axis and the basal
plane of the crystal.

2. EXPERIMENTAL PROCEDURE

Single crystals NdFe;(BOs), were grown from the solution-
melt using the technique described in Ref. 25. The absorption
spectra were measured using samples in the shape of a plane-
parallel plates 0.2 to 0.7 mm thick, oriented perpendicular or paral-
lel to the third-order crystallographic axis.

A spectral device, DFS-13, was used to study the absorption
spectra; light was recorded using a set of light-sensitive diodes that
operated as part of a multichannel optic analyzer. The spectral res-
olution in the studied region was about 0.5cm™". The absorption
spectra were recorded when light was propagating perpendicular to
the C; axis, with the direction of the light-wave E vector being par-
allel (m-spectra) or perpendicular (c-spectra) to the Cs axis, and
when light was propagating along the C; axis (o.-spectra).
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The magnetic field was created by a superconducting solenoid
similar to a Helmholtz coil, which together with the sample was
immersed in superfluid helium. Spectra in the magnetic field were
recorded at a temperature of 2 K.

3. TEMPERATURE DEPENDENCE OF
LIGHT-ABSORPTION SPECTRA OF NdFes(BOs),
IN THE REGION OF THE OPTICAL TRANSITION
“los = 2Hq1 /2 OF THE Nd®* ION

The states of the Nd** ion (electron configuration 4f°) in the
crystal field with D; symmetry are Kramers doublets that transform
according to two-valued irreducible representations I'y and T'sg.
The ground multiplet *Iy/, is split in a trigonal field into five
Kramers doublets: 3"y + 2I's 5, the lowest state having I’y symme-
try.”” The energy of the first excited state is 65 cm™" and therefore,
only the spectral transitions from the ground state are observed in
the temperature range under study (T < Ty). The multiplet *Hiip
explored in this study is split in the crystal field with D3 symmetry
into 6 Kramers doublets in the following way: 2Hyip— 4T+ 2ls6.

Figure 1 shows the absorption spectra that correspond to the
optical transitions *Io;, = 2Hj/, in o- and m-polarizations at various
temperatures in the range T<Ty. All six possible transitions are
observed in the spectrum. They have an electric dipole nature, as is
confirmed by the coincidence of spectra in o- and o-polarizations. In
accordance with the selection rules in D3 symmetry (Table I), transi-
tions Iy » Ty should be observed in both o- and =m-polarizations,
while transitions I'y — I's 4, in o-polarization alone. Table II shows the
energies of the observed transitions compared to those calculated in
Ref. 20, with symmetry identified using polarization selection rules.
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FIG. 1. Light-absorption spectra of NdFe;(BOs), in the region of the o=
optical transition in Nd>* at various temperatures. The insert shows the chart of
transitions between splitting components in the exchange field of the ground and

excited Kramers doublets.
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TABLE I. Selection rules for electric dipole transitions in a crystal field with D3 @H| Cy K| G, ) O H || Cy k|| G,
symmetry. X5 30 30 PHC“;(OC ) [2cm’
2 ’ fsb
El/Z (r4) E3/2 (F5,6) Ww 60 4a 4b H, kOe
60
Eyj (Ty) m, o(0)) o(0) ——a .
Es/; (Tse) o(a) T s 50

Some of the Kramers doublets, as well as the ground doublet,

are split at temperatures T< Ty due to the exchange interaction 20
with the iron subsystem; up to four transitions may be observed in g b 242 10 y 0
that case, as it is shown in the chart (insert in Fig. 1). At a tempera- 6

ture of 2 K, only transitions from the lowest sublevel of the ground UL 0 4 0

doublet are observed. If the temperature increases to 6 K, transi-
tions from the excited sublevel of the ground doublet also emerge,
marked by a “prime” in the chart and spectra (Fig. 1), and their
intensity grows with increasing temperature.

The highest value of exchange splitting in the excited state
(about 7.5 cm™?) reveals transition “5” (lines 54 and 5b at T =2 K).
Since this value is close to the splitting of the ground doublet
(8.8cm™), the energies of transitions 5a and 50’ are close to each
other. As a result, the splitting of line “5” into only three compo-
nents is observed in the spectra below Ty

The identification of transition “2” is complicated by the fact
that its energy virtually coincides with that of the “hot” transition
“3”. Tt is virtually impossible to separate these transitions along
spectra at T > 6 K. However, the very observation of line “2” at 2K
serves as evidence that this is a separate transition from the lowest
sublevel of the ground doublet. This observation is also confirmed
by the appearance of line “2”” with increasing temperature, which
is separated from “3” by about 16 cm™"; it may not therefore be
associated with a transition to levels “3” from any excited level. At
the same time, the interval E,~E, is approximately 8.8 cm™; line
“2”” is obviously a transition from the upper component of the
ground doublet to level “2”. It will be shown below that the behav-
ior of lines “2” and “3” in magnetic fields is significantly different.

4. ABSORPTION SPECTRA IN EXTERNAL MAGNETIC
FIELDSH|| Cz ANDH 1 C3

Studies in magnetic fields were conducted at a temperature of
2 K, at which the spectra only contain transitions from the lower
sublevel of the exchange-split ground Nd** doublet. Figure 2 shows

ARTICLE scitation.org/journal/ltp

40

6a 6D 30

i
i

Absorption coefficient

| T S TN AN TR SN TR SR (N ST S T S | PR YT I I ST S T SO T ST N S A S MR
15800 15825 15850 15875 15925 15950 15975 16000 16025
E, em’! E, cm’!

FIG. 2. Absorption spectra of NdFe3(BO3)4 in an external magnetic field H|| C;
at T=2K.

a series of spectra as a function of the strength of the magnetic field
directed along the C; axis. The spectra were recorded in unpolarized
light for k || C; (o-spectra). Significant dichroism of light absorption
in the basal plane occurs in the magnetic field directed perpendicu-
lar to the C; axis of the crystal, in the region of the Top = *Hi1p
transition.”’ Therefore, in the studies conducted in the field H L Cs,
light was directed along the C; axis, and the spectra were recorded
with two polarizations in the basal plane: E||H and E L H (Fig. 3).
Figure 4 shows field dependences of the splitting-component ener-
gies of lines 1-6 in magnetic fields H|| C; and H L Cs.

As was mentioned above, two out of six states of the *Hjy,»
multiplet have the symmetry I'ss. Based on polarization properties
of the lines it was hypothesized that transitions “2” and “4”
correspond to those states. States such as I'ss should not split in
the magnetic field directed in the basal plane (for symmetry
reasons g, =0). Indeed, line “4” in the H L C; spectra does
not exhibit splitting up to maximum field values, but there is an
insignificant mismatch of that line’s frequency at 60 kOe for polari-
zations E||H and ELH [Fig. 3(b)]. This may be indicative of
slight splitting of state “4”. As for the line “2”, in strong magnetic
fields (H > 40 kOe) it exhibits a small but quite noticeable splitting
[Fig. 3(a)].

TABLE Il. The parameters of optical transitions from the ground doublet I's (419,2) of the Nd®" ion to the sublevels of multiplet 2Hyy, in NdFe3(BO3)q, calculated in Ref. 20 and

measured in the experiment.

Energy, cm™! Energy, cm™! AE, cm™!

Line No. (calculation) at 35K Symmetry g, (calculation) gy (calculation) g, (exp.) g (exp.) at 2K

1 15835 15805 Iy 3.7268 5.798 2.21 7.06 3

2 15861 15837 (at 2 K) I'se 0 7.931 7.3 1.2-1.8
3 15862 15842 Ty 3.482 4.435 1.94 5.07 2.5

4 15946 15932 I'se 0 5.084 0 4,57

5 15957 15971 ry 5.259 0.430 5.65 0 7.5

6 15991 15997 Iy 1.083 9.728 0 11.58 0
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FIG. 3. Absorption spectra of NdFe3(BO3), in an external magnetic field
H L C; for two polarizations in the basal plane of the crystal. T=2K.

There is one more line that does not exhibit splitting in the
field H L Cj: line “6” [Fig. 3(b)]. However, this seems to be caused
by the smallness of the transverse component of the g-factor of
state “6” (the calculation made in Ref. 20 yields g, =1.083). This
line is identified in Ref. 20 as the I'y — I', transition, based on its
polarization properties.

5. SPLITTING OF STATES WITH SYMMETRY I', IN AN
EXTERNAL MAGNETIC FIELD

If a magnetic field is applied in the basal plane of the crystal at
2K, a spin-reorientation phase transition occurs for a field strength
of Hy ~ 9 kOe, from the long-period helix to a state similar to the
spin-flop phase, where the antiferromagnetism vectors of the Nd>*
and Fe’" ions are oriented in the basal plane perpendicular to the

(;) H sgrv_,.v—rf' E%b) H1G
16000 —v<;‘:_:; 16000 [- Yoy y-v-v-y-v-v-v-v-v-v-¥
3 TV Vvyy W
RS 000000000000 S IEELIAIS o
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15850 ¢y :gi;;‘_:;:—_{—_i—**’* 15850 - upepegg-3-3-8-3-5-3 5000
*FETx A e ete e e e
15825 L2 15825 P2
)i o AA-A-A-A-AA i
oS B s e e
15800 v 1 A ! 15800 Eu | | N
20 40 60 0 20 40 60
H, kOe H, kOe

FIG. 4. Energies of the doublet components -6 as a function of magnetic field
strength, directed along the Cj crystallographic axis and perpendicular to it.
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direction of the external field. The neodymium ion is subject to the
concurrent effect of two fields: the exchange field directed along
magnetic moments of iron, and the external field. These fields may
be considered to be mutually perpendicular at H > Hy (the skew of
the magnetic moments of iron may be neglected in the range of
fields under consideration, due to strong exchange Fe-Fe interac-
tion.”””) The splitting of the Kramers doublets of Nd** in the field
H L C; may therefore be described by the equation

1/2 1/2

AE, =gy (Hi, + H?) " = (AE; + gt H)S (1)
where Hp, is the effective exchange field for the given excited state
and AE, = upg| Hr. is the initial (exchange) splitting of the doublet
at H=0. Strictly speaking, this formula is applicable at H=0 and
H> Hsf

By the same token, the external and exchange fields in the
case of H|| C; may also be considered to be mutually perpendicu-
lar, and the splitting is described by the equation

1/2 1/2

AE| = uy(gt Hi, + gtHY) " = (AE; +upgiHY) " ()

Figure 5 shows dependences of splitting of line “3” in mag-
netic fields H || C; and H L C; and the curves that correspond to
the approximations of these dependences with Egs. (1) and (2).
The experimental and calculated data agree best for the following
values of the parameters: g, = 1.94; 8| = 5.07; AEy ~ 2.5 cm™
and Hg. ~ 28 kOe.

If there is no initial exchange splitting, Eqs. (1) and (2) reduce
to a linear dependence. It is this dependence that is exhibited by line
“6” if H|| C5 (see the insert in Fig. 5). The theoretical calculation in

H| G

L 30;

-1
AE, cm

T T T T T T T YT T T T T T N T T B B 1

0 10 20 30 40 50 60
H, kOe

FIG. 5. The splitting of doublet “3" as a function of the magnetic field strength.
The insert shows the field dependence of doublet “6™ for H || C5. The points
show experimental values, whereas the solid lines are approximations of
Egs. (1) and (2).
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Ref. 20 shows that this state has the largest longitudinal g-factor in
the *Hyy)» (g = 9.728) multiplet; the value we obtained in the
experiment is g = 11.58.

The field dependences of the splitting of lines “I” and “5” are
similar in shape to that of line “,3” and are well described by
Egs. (1) and (2). Table II shows the obtained values of the g-factors
of the states in comparison to those calculated in Ref. 20, and their
exchange splitting AE, for H=0, T=2K.

Ref. 21 reported the phenomenon of “swapping” of the inten-
sities of the polarized components of doublet “5” in the magnetic
field H L C;. A similar effect is also observed in the components of
the exchange-split doublet “3” [Fig. 3(a)].

6. SPECIFIC FEATURES OF THE BEHAVIOR OF I's ¢
SYMMETRY STATES IN AN EXTERNAL MAGNETIC FIELD

It is not possible to describe the behavior in magnetic fields
of lines corresponding to the I'y — I'5 ¢ transitions using depen-
dences (1) and (2), which assume that the exchange field for the
excited states is directed, as is the case in the ground state, in the
basal plane along moments of iron. Figure 6 shows the field
dependence of splitting of line “4” for H|| C;. The observed
dependence is quite different from that of lines “1”, “3”, and “5”.
In the single-ion approximation that we use, the simplest way to
explain such behavior is by assuming that Hp. and H are not
strictly perpendicular to each other. Let us introduce an angle o
between Hp, and the C; axis, and represent Hg, as the sum of two
components: one directed along C3 (Hg) and another located in
the basal plane (Hg., ). Thus, we obtain

1/2
AE) = up(gh(H + Hyo)* + g HE, )"

= ﬂB(gﬁ(H + Hpe cos o) + giHéesinzoc)l/z, 3)

12+ H||C3

10 -

-1

AE, cm
oo
T

0 TSN T T T T AN T T T N T A T T T T N S T T [ T N
10 20 30 40 50 60
H, kOe

FIG. 6. The splitting of doublet “4” as a function of the strength of external mag-
netic field H || Cs. The points show experimental data, and the solid curve is the
approximation using Eq. (3).
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FIG. 7. The spliting of doublet “2" as a function of the strength of magnetic
field H L Cs. The insert shows field dependence of the half-width of line “2”.

and g, =0 for the given state. Dependence (3) provides a good
description of the experimental data for the following parameter
values: g =4.57 and Hp.cosa = —4.4 (it is not possible to
unambiguously determine parameters Hg. and o).

Line “2” is very low intensity, and if H|| Cs, both its compo-
nents may only be observed in a range of fields 0-20 kOe. The
dependence of its splitting is sufficiently well described by Eq. (2)
with the following parameter values: g = 7.3; AEy ~ 1.8 cm ™. Its
splitting in the transverse field only becomes noticeable if the field
strength is large [Figs. 3(a) and 7]. In the range of fields where its
components are not yet resolved, the half-width of the total
contour is almost constant (see the insert in Fig. 7). The splitting
of the line does appear to change in the range of fields 0-40 kOe.
Similar to line “4,” Eq. (1) fails to adequately describe the field
dependence of the splitting of line “2” if H L Cs. Moreover, experi-
mental data are not enough to determine its parameters. It should
be noted that the splitting of line “2” in the both longitudinal and
transverse fields significantly differs from that of line “3,” thus
confirming the identification of “2” as a separate level.

7. CONCLUSION

All six transitions from the ground state ‘Io;» to the 2Hyp
multiplet levels of the Nd*>" ion are detected and identified in the
light absorption spectrum of ferroborate NdFe;(BOs),. The values of
Nd** Kramers doublets’ splitting in the exchange field of the Fe**
subsystem during magnetic ordering of the crystal are determined.

The absorption spectra are studied in external magnetic fields
directed both along the C; axis and in the basal plane of the crystal
at a temperature of 2 K. It is found that the field dependences of
the splitting of states with symmetry I'y are described well under
the assumption that the exchange field is collinear with the
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direction of magnetic moments of Fe’*. The character of the split-
ting of states with symmetry I's ¢ is indicative of the presence of an
exchange-field component along the direction Cs. This feature may
be related to the manifestation of anisotropy of the Fe-Nd
exchange interaction for excited states. The g-factors of the *Hyy,
multiplet states have been measured and correlate well with the
values calculated in Ref. 20.
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