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Optical spectroscopy of PrFe;(BO;)4: Crystal-field and anisotropic Pr-Fe exchange interactions
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High-resolution polarized optical absorption spectra of PrFe;(BO;), in the paramagnetic and antiferromag-
netic phases are reported. The measured energies of the crystal-field (CF) levels within the 47> configuration of
Pr3* in the paramagnetic PrFe;(BOs), are described by the CF model that involves the 4f2/4f5d and 4f2/4f6p
configuration interactions. Ordering of Fe spins along the crystalline ¢ axis below Ty=32 K is confirmed by
the analysis of the spectra of Er’* introduced as a probe into PrEe;(BOs)4. To account for the observed changes
in the optical spectra of Pr3* at temperatures below T, in particular, for the shift of the CF levels, splitting of
the CF doublets, and the appearance of forbidden lines, the Pr-Fe exchange Hamiltonian defined by seven
parameters is considered. The theoretical approach has been tested by calculating the temperature dependence
of the magnetic susceptibility. A good agreement between theory and optical and magnetic experimental data
is found demonstrating the validity of the model used. The obtained results confirm that the model of the iron
dimers inside the spiral chains of Fe**(02")s octahedrons introduced by us earlier for NdFe;(BO;), and
modified in the present work may serve as a basis for analyzing the low-temperature properties of other

rare-earth iron borates.
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I. INTRODUCTION

The rare-earth (RE) iron borates RFe;(BOs), (R=RE)
have the trigonal noncentrosymmetric huntite-type structure
that incorporates helical chains of edge sharing FeOg4 octahe-
drons interconnected by isolated ROg prisms and BOj
triangles.! They belong to the same structural family as the
famous aluminum borates YAI;(BO;), (YAB) that, doped
with Nd or Yb, are widely used in self-frequency doubling
lasers (see, e.g., Refs. 2-4). A recent improvement of the
crystal-growth technique for the RE iron borates® resulted in
big perfect single crystals that demonstrated the same excel-
lent physical characteristics and chemical stability as their
aluminum relatives. This stimulated intensive investigation
of RFe;(BO3), single crystals by different methods. The
growing interest of researchers is connected with rich and
interesting magnetic properties of RFe;(BO;3), (Refs. 6-9)
mediated by the existence of two interacting magnetic sub-
systems (Fe and RE). Moreover, it has recently been found
that the RE iron borates are multiferroics.!'3 This finding
makes the mentioned compounds very interesting not only
for research but also for possible applications.

Structural, magnetic, magnetoelastic, and magnetoelectric
properties of RFe;(BO;), are very different for different R3*
ions. While the crystal structure of the Pr and Nd iron borates
is described by the R32 (D;) space group down to at least 2
K,!214-16 the compounds with R** ions having smaller than
Sm?* ionic radii undergo a structural phase transition into
also trigonal but less symmetric P3,21 (D3) phase at
temperatures T varying from 88 K [EuFe;(BOs),] to
420 K [ErFes(BO;),].'">!""!® Below the temperatures
TN~3O_40 K, RFC3(BO3)4 with R:Nd,l4’19 Eu,20 Gd,21723

1098-0121/2009/80(19)/195101(13)

195101-1

PACS number(s): 78.30.Hv, 78.20.Bh, 71.70.Ch, 71.70.Gm

Ho,?*? Er,%% and diamagnetic Y (Refs. 25 and 26) order into
the easy-plane antiferromagnetic structure while those with
R=Pr,'? Tb,%?7 and Dy (Ref. 24) order into the easy-axis
one. However, GdFe;(BO;), and HoFe;(BO3), undergo the
spin-reorientation phase transitions into the easy-axis mag-
netic structure at the temperatures Tx=9 K (Refs. 13 and
21-23) and 5 K,? respectively. As for the magnetic-field-
induced electric polarization, the greatest value has been ob-
served for NdFe;(BO;),.!"!

For understanding the peculiarities of the magnetic and
magnetoelectric properties of different RE iron borates, the
knowledge of energies and wave functions of the crystal-
field (CF) levels for RE ions and of the RE-Fe exchange
interaction parameters is of fundamental importance. This
knowledge can be achieved by doing the optical spectros-
copy and performing the crystal-field calculations, and then
on these grounds by evaluating the RE-Fe exchange param-
eters from an analysis of the optical spectrum changes in the
magnetically ordered phase. In our recent work,?® we esti-
mated the Nd-Fe exchange integral in NdFe;(BO3), from a
comparison between the calculated and the measured
ground-state splitting of the Nd** ion at temperatures T well
below Ty. However, this approach, based on the assumption
of the isotropic exchange, fails when considering the influ-
ence of the exchange interaction also on the excited states of
a RE ion at T<Ty.

In a general case, the RE-Fe exchange interaction, includ-
ing its anisotropic part, is defined by a set of coefficients in
the expansion of the exchange Hamiltonian into series of
irreducible tensor operators.?’ This set of coefficients comes
from a comparison between the calculated and observed ex-
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change splittings and shifts of energy levels in the spectrum
of the RE** ion at low temperatures T<T},.

In the present work, we focus on PrFe;(BO3), which, on
the one hand, has the same symmetric R32 structure as
NdFe;(BOs), but, on the other hand, comprises a non-
Kramers Pr** ion (Nd** is a Kramers ion) with a singlet
ground state.

We report on the high-resolution polarized absorption
spectroscopy of Pr’* in PrFe;(BOs),. The set of CF param-
eters was obtained from an analysis of the energy spectrum
at temperatures 7> T, with taking into account interactions
between the ground 4f> and excited 4f5d and 4f6p elec-
tronic configurations of the Pr** ion. Seven parameters of the
two-particle Fe-Pr anisotropic exchange interaction were
found from the fitting of the measured exchange splittings
and shifts of the spectral lines. We use these parameters to
model the experimental data'’> on the temperature depen-
dence of the magnetic susceptibility of PrFe;(BOs),. Finally,
we discuss some spectral peculiarities that originate from the
electron-phonon coupling and the Pr-Fe exchange interac-
tion. In particular, we present a detailed analysis of the re-
cently observed effect of the emergence of forbidden opti-
cal transitions at the temperature of the magnetic ordering in
the PrFe;(BO;), single crystal.

II. EXPERIMENT

Trigonal PrFes(BO;), single crystals, pure or Er (1%)
doped, were grown in a bismuth trimolibdate Bi,Mo03;0,,
based flux that has been used earlier for the growth of the
GdFe4(BOs), single crystals.’ Direct probing of the flux
melts

(100 - n) wit. %(Bi2M030]2 +pB203 + qPr203)
+n wt %PI‘FC3(BO3)4

has shown that in the vicinity of the point (p,q,n)
=(3,0.6,25) the trigonal PrFe;(BO;3), is the high-
temperature phase that crystallizes in a sufficiently broad
range of temperatures but the saturation temperature does not
exceed 970 °C. The seeds were obtained by spontaneous
nucleation from the same flux. Large (10-15 mm) single
crystals grown at the growth rate not more than 0.5 mm/day
did not contain macroscopic inclusions of the flux melt, had
glassy facets, were dark green in color, transparent, and had
good optical quality. Oriented samples for spectral measure-
ments have been prepared from such crystals. The samples
were oriented using the crystal morphology and optical po-
larization methods. For optical measurements we used thin
(0.1-0.15 mm) platelets cut either perpendicular or parallel
to the ¢ axis of the crystal.

High-resolution (up to 0.1 ¢cm™') polarized temperature-
dependent spectra were registered in the region
1500-23 000 cm™' using a high-resolution Fourier spec-
trometer Bruker 125HR. To improve the signal-to-noise ratio
in the spectral region 16 000—23 000 cm™', a green-blue op-
tical filter was used. The sample was in a closed-cycle Cryo-
mech ST403 cryostat at a fixed (=0.15 K) temperature be-
tween 3.5 and 300 K. Some measurements were performed
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using a helium vapor cryostat. We used either unpolarized
light propagating along the ¢ axis of the crystal (kllc, E,
H | c—a polarization) or linearly polarized light incident
perpendicular to the ¢ axis (k L ¢, Ellc—m polarization and
E | c—o polarization). GdFe;(BOs), samples were also
studied, to account for the broad absorption bands related to
the Fe** ions (the Gd** ion has no optical transitions in the
whole spectral range studied). These bands were then sub-
tracted from the spectra of PrFe;(BO;3), to obtain the
Pr**-related spectra.

To interpret the spectra of Pr** we used the selection rules
for optical electric dipole (ED) and magnetic dipole (MD)
transitions within a non-Kramers ion in the D53 point symme-
try group (positional symmetry of the Pr’* ion in the trigonal
R32 lattice). The allowed transitions are '+ 1", (ED-;
MD-o), I'; < I'; (ED-a, o, MD-a, ), I',<~1'5 (ED-a, o,
MD-a, 7), and I';+> 15 (ED and MD for all polarizations).
Here, I'; is the irreducible representation of the D5 group.
The first column of Table I contains information on how the
crystal-field of the Dy symmetry splits a particular Pr’* free-
ion level *'L, into I'; and T, singlets and I'; doublets.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Energies and symmetries of crystal-field levels

Figure 1 displays the absorption spectrum of Pr3* in
PrFe;(BO3), in the whole spectral range studied. The spec-
trum consists of narrow spectral lines corresponding to the
f-f transitions within the inner 4/ electronic shell of Pr3*
shielded by the outer filled 5p and 5s shells. Figures 2—6 and
10 show the optical multiplets in more detail. Here and here-
after the spectral lines are designated according to the fol-
lowing notations: the CF levels of the ground multiplet are
labeled by Roman numerals and those of a given excited
multiplet—by capital letters (A, B, etc.).

As an example, the spectra in all the three polarizations
(a, o, and 7) are shown in Fig. 2 for the optical multiplet
*H,—3F,. Perfect coincidence of the o- and a-polarized
spectra point to the purely electric dipole nature of this op-
tical multiplet. Further, we note that the o-polarized lines at
5031 and 5142.6 cm™' diminish in intensity and then com-
pletely disappear with lowering the temperature. At tempera-
tures 7> Ty, these lines are displaced by 48 cm™' to the
low-frequency side from the lines marked IA and IC that
remain at the lowest temperature when only the ground state
is populated. Thus, the initial state for the spectral lines 5031
and 5142.6 cm™! is the first excited CF level of the ground
multiplet with the energy 48 cm™' and they have to be la-
beled as ITA and IIC, respectively. We have checked that
their intensity follows the population of the first excited CF
level. The remaining three lines correspond to the optical
transitions from the ground state to the I';+2I'; CF levels of
the *F, multiplet. If the ground state were the I'; state, only
two lines would be observed, because the I'j—T),
(and I'y—T,) transitions are strictly forbidden. Consulting
the selection rules, we conclude that the symmetry of the
ground state is I', and also assign the irreducible representa-
tions to the *F, CF levels as shown in the second column of
Table I. The absence of the IIB line in both o- and 7- polar-
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TABLE 1. The measured and calculated CF energies E and splittings A of the I'; doublets. Calculated magnetic g factors and effective
fields Beg=Acyp/ 1pg) are also given.

Experiment Theory
E (cm™) A (ecm™) E (cm™) A (cm™) Byt
Multiplet I T=50 K T=5 K T>Ty g T=5 K (kG)
1 2 3 4 5 6 7 8
H, 2 0 0
1 485 48.1
2T, +1,+30 3 192 191.3 5.11 6.8
3 275 2723 2.04 44
3 500 492.3 1.92 13.7
1 560 537.5
Hs 3 21823 3.3 2181.0 7.68 3.3 9.2
1 22752 2289.5
I +20,+4T, 2 22955 2300.4
3 2306.6 2300.5 8.94 24
3 ? 2486.7 5.03 12
3 2588 2568.3 1.88 7.1
2 ? 2623.6
Hy 3 4292 12.1 42922 10.78 12 24.0
3 43552 6 4384.0 8.48 6 15.1
30, +20,+41 2 ? 4483 .4
1 4503.5 4506.3
2 ? 4607.9
1 4641 4651.3
3 4748 4714.4 4.24 0.5
3 4819.3 4799.2 2.05 29
1 4850 4816.1
3F, 3 5079 5082.5 1.03 3.8
I +2T; 1 51415 5119.7
3 5190.6 ~4.6 51743 2.60 44 37.9
3Fy 3 6471.1 1.8 6465.9 2.15 0.9 17.9
2 6482.5 6482.4
I +20,+2T; 3 6508 2.5 6512.0 4.06 1.7 13.2
2 6555 6542.2
1 6571.7 6566.8
3F, 1 6863 6856.2
3 6885.8 ~33 6887.9 3.47 48 20.3
20 +1,+31; 2 6957.3 6941.8
3 6957.5 13.5 6965.0 3.21 13.3 90
1 7099.5 7095.2
3 7107.8 7104.3 7.16 11
G, 1 9728.5 9722.9
3 9776.7 9773.4 2.59 5.1
2T +T,+3T; 3 9925.6 8.1 9953.4 3.59 8.4 483
2 9946 9923.5
3 10113.8 10157 5.45 4.0
1 10193.4 10223
'D, 1 16491 16547
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TABLE 1. (Continued.)
Experiment Theory
E (cm™) A (em™) E (cm™) A (cm™) Begr
Multiplet T T=50 K T=5 K T>Ty g T=5 K (kG)
1 2 3 4 5 6 7 8
I +2T, 3 16791 ~33 16800 1.26 1 56.0
3 17080 17048 0.80 1
3Pl 1 20567 20545
3Pi+1I, 2 20848 20851
1 20856 20859
30,430,451, 3°%p, 21100 9.2 21097 3.21 9 64.7
23p, 21280 21272
3 21382 21368 7.96 2
1 21420 21431
3 21453 21446 3.25 1
2 ? 21697
3 ? 21707 5.15 1
1 21760 21746
3 21810 21767 5.83 6
3P, 1 22193 22196
3 22334 22310 242 8
I,+20; 3 ? 22434 5.53 13
'S, 1 9 45128
4f5d 44377-67610
4f6p 117080132000

ized 50 K spectrum points to the I"; symmetry of the level at
48 cm™.

It should be noted that for the paramagnetic PrFe;(BO;),,
the number of spectral lines originating from the ground state
always equals to the number of irreducible representations in
the first column of Table I after deduction of the number of
I, irreducible representations. This fact convincingly con-
firms the I", symmetry of the ground state. The 7r-polarized
lines correspond to the I',«> 1" optical transitions but the
o-polarized ones originate from the I'; (or I';) —1I'; transi-
tions. The magnetic dipole contribution was observed only
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FIG. 1. (Color online) Absorption spectrum of Pr** in

PrFe;(BO3), at the temperature 50 K.

for the *H,— *Hy transition that is allowed in the free Pr**
ion as magnetic dipole one and for the spin-forbidden
*H,— 'G, transitions. In these cases, the I',— T, transition,
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FIG. 2. (Color online) Polarized absorption spectra of the 3F. )
multiplet in PrFe;(BO3), at the temperatures of (a) 100 and 50 K
and (b) 5 K in «, 7, and o polarizations.
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FIG. 3. (Color online) Polarized 50 K absorption spectra of the
G, multiplet. Inset shows in more detail the IA I',—T'; optical
transition demonstrating both electric dipole and magnetic dipole
contributions.

in particular, was observed also in the o polarization but its
assignment was confirmed by the absence of the correspond-
ing line in the « polarization. Inset of Fig. 3 gives an ex-
ample of such a line. Figure 4 shows the *H,— P, optical
multiplet which consists, at low temperatures, of a single
mr-polarized I'y—T'; line. With rising the temperature, the
o-polarized line shifted by 192 cm™' appears. It originates
from the second excited I'; CF sublevel of the ground state.
The low-frequency —48 cm™ satellite of the I';(°P,) line,
I')—T,, is absent, in complete agreement with selection
rules. The energies and symmetries of the CF levels, as de-
termined from the temperature-dependent polarized absorp-
tion spectra of PrFe;(BO;),, are listed in Table 1.

Interaction of the 4f electrons of the RE ion with lattice
vibrations results in broadening and shifts of spectral lines
and in the appearance of vibronic transitions. Below, we
point to several peculiarities in the spectra of PrFe;(BO3),
originating from this interaction.

First, as the lowest levels in those 2*'L; multiplets that
are separated by a large energy gap from the lower lying
levels do not suffer from phonon relaxation at low tempera-
ture, the corresponding spectral lines are the narrowest ones.
For example, in the 'G, spectral multiplet shown in Fig. 3,
the full width at half height of the line IA is only 0.5 cm™' at
5 K while it equals 30 cm™' for the line IE.

Second, relatively weak structured wings accompany
some of the strong spectral lines. An example of such wing

(a) 1A 100 K HA
f

-= a

T

(b) 5K

A

200- !

1004 — §
R ¢ }

O A

20300 20400 20500 20600
Wave number (cm'1)

Absorption coefficient (cm™)
2
i

FIG. 4. (Color online) Polarized *H,— P, absorption of
PrFe;(BO3), at different temperatures.
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FIG. 5. (Color online) Polarized 5 K absorption spectrum of the
'D, multiplet. Inset: vibronic satellites of the line IB corresponding
to the transition *H,(I';) — 'D,(T3).

can be seen in the 'D, multiplet (Fig. 5). The distances be-
tween the main line and the peaks in the wing (see inset in
Fig. 5) are close to the measured frequencies of the Raman
and infrared modes.'>16-3!

Third, several lines exhibit a doublet structure (see, e.g.,
the lines IF in Fig. 3 and IC in Fig. 5) or even more complex
structure (ID and IE in Fig. 6). This could be caused by the
resonance of a given electronic CF state and a mixed
electron-phonon state associated to another electronic CF
state with lower energy. In all the cases of the observed line
structure the terminal level of the optical transition is situated
by 300-400 cm™! above some other CF level. Probably, this
spectral interval corresponds to a narrow maximum in the
density of phonon states in PrFe;(BO;),.

B. Magnetic ordering

With lowering the temperature, the I',—1"3 and ') —1';
spectral lines split into two components. Figure 7 gives an

A 11B
[

IE 1IF (@)
ID | IE IFIG
| | [

80

60
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20
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80+ 1A IIB IC IIID IF I::IIG (b)

60

Absorption coefficient (cm™)
o

40

20+

0-+— * T T ™
4200 4400 4600 4800

Wave number (cm™)
FIG. 6. (Color online) Polarized 50 K absorption spectrum of

the 3H6 multiplet at the temperatures of (a) 50 K and (b) 5 K in a,
, and o polarizations.
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FIG. 7. (Color online) The spectral line ID F12(3H4)H1" 3D CF 4)
in the spectrum of PrFe;(BOs), at different temperatures. Inset
shows the temperature dependence of the line splitting A.

example of a split line. The temperature dependence of the
splitting points to a second-order phase transition (see inset
of Fig. 7). Both the structural and the magnetic phase tran-
sitions may cause a splitting of a non-Kramers I'; doublet. To
check the nature of the observed phase transition, we studied
the spectra of the Er’* probe ion in PrFe;(BOs),. The only
perturbation that splits the CF energy levels of this ion
(Kramers doublets) is the magnetic field (external or the ex-
change one that acts upon the RE ion in the magnetically
ordered phase). The temperature-dependent splitting of Er**
spectral lines [represented in Figs. 8(a) and 8(b)] unambigu-
ously shows that we deal with the magnetic phase transition.
The observed spectral pattern of the split line corresponds to
the splitting of the Kramers doublets and cannot be explained
in another way. In particular, the intensity of the spectral
components 1'a and 1’'a’ diminishes at the lowest tempera-
tures [see Fig. 8(a) and the scheme in Fig. 8(c)]. The split-
tings A=1.5 cm™' and A,=3.8 cm™' at T=5 K, for the
ground and the excited Kramers doublets, respectively, fol-
low from the spectra of Fig. 8(a).

We note that the spectra of the Er** probe not only eluci-
date the magnetic nature of the observed phase transition but
also give a possibility to determine the type of the magnetic
structure within the magnetically ordered iron subsystem. We
can compare the spectra of the Er’* probe in PrFe;(BO;),
and in GdFe;(BOs), which is known to undergo the spin-
reorientation first-order phase transition at 7R=9 K, from
the easy-plane magnetic structure above Ty to the easy-axis
one below Tx.>' In GdFe;(BO;), the spectrum of the Er**
probe changes drastically at Ty [see, e.g., Fig. 8(d) and Refs.
24 and 26]. The spectrum of the Er’* ion in PrFe;(BO,), is
similar to the spectrum of Er** in GdFe;(BO;), below Ty
[see Fig. 8(a)], thus pointing to the easy-axis magnetic struc-
ture of the ordered Fe** magnetic moments. This conclusion
is in agreement with recent results of the magnetic
measurements.'?

Figure 9 compares the temperature dependence of the
splitting of the Pr** T’y doublet at 6957 cm™!, A(T), and the
temperature variation in the magnetic moment of the Fe’*
ions in the easy-axis magnet TbFe;(BOs), at T<<Ty, Mg,
obtained from the neutron scattering data.”’” One can clearly
see that the splitting A(7) is proportional to M.

To explain this dependence, we note that in the com-
pounds containing both d ions (Fe** in our case) and f ions
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FIG. 8. (Color online) The line IA in the spectra of the
1150 —*I,3/, transition of Er** probe in (a) PrFe;(BOs), and (d)
GdFe;(B0Os),, (b) the temperature dependence of the ground-state
splitting for Er** in PrFe;(BO3),, and (c) the scheme of splitting of
Er** Kramers doublets due to the Er-Fe exchange interaction.

(Pr’* and Er*), the strongest interactions are those within the
d-magnetic subsystem, then follow f-d interactions and still
less weak f-f ones.>? In iron borates, RO prisms do not have
common oxygen ions; because of that, magnetic interactions
between the RE ions have mainly the dipole nature and are
especially weak. Thus, in the case of the isotropic f-d ex-
change interaction, a RE** ion (Pr** or Er**) in the magneti-
cally ordered state of PrFe;(BO3)4 experiences the perturba-
tion V=puggoJB., where up is Bohr magneton, g, is Lande
factor, J is the angular momentum operator, B, =AM, is the
effective exchange magnetic field, and N is the molecular-
field constant. In the crystallographic system of coordinates,
only one component of the g tensor of the non-Kramers dou-
blet, g,.=g;, corresponding to the crystal symmetry axis
(zllc), is nonzero, and the Zeeman splitting of the I'; doublet
reads

A(T) = /-LBgIIBex,z = :u“BgH)\MFe,z(T)- (1)

Thus, the splitting A(7) is proportional to the magnetic mo-
ment Mg, . of the Fe** ion along the crystallographic ¢ axis
which is the order parameter of the magnetic phase transi-
tion. Table I (column 4) lists the splittings of the Pr** differ-
ent I'; doublets observed at the temperature 5 K.

As for a possible contribution of the magnetostriction to
the splitting, we note that the symmetry analysis for the crys-
tal class 32 (i) points to the absence of the spontaneous low-
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FIG. 9. (Color online) The splitting A of the F?(3F4) level
(balls), A(5 K)=13.5 cm™'; the same splitting squared (triangles),
the increase & of the energy gap between the lowest two levels FIZ
and FIII of the ground multiplet (squares), &(5 K)=4.6 cm™;
ratios I/n of the integrated line intensity / to the relative
population n of the initial level of the optical transition for the
transitions FIZHI‘g(3F3) (open stars), Flzﬂlﬂg(3P1+ 116) (stars),
FIII—> Fg (3F 3) (diamonds); and the spontaneous iron magnetic mo-
ment in TbFe3(BO3),, My, measured by the neutron scattering (Ref.
27) (open circles), Mg.(5 K)=4.4 ug, as functions of the normal-
ized temperature 7/Ty. Inset shows the scheme of relevant energy
levels of the Pr’* ion.

symmetry striction in the case of the magnetic moments M,
ordered along the ¢ axis and, moreover, (ii) shows that at any
orientation of the magnetic moments the dependence of the
striction on Mp, does not contain linear in Mp, terms.'® This
confirms a purely exchange nature of the observed splitting
A(D).

It should be also noted that centers of gravity of the split
doublets and some spectral lines corresponding to singlet-
singlet I'; <~ I, transitions exhibit relatively strong shifts (up
to 4.5 cm™!) in the temperature range from Ty down to 5 K.
Figure 9 shows the temperature dependence of the
increase  S(T)=Ey(T<Ty)-Ey(Ty) of the energy gap
Esz(FI]I)-E(FIz) between the ground-state FIZ and the first
excited state I" 111 (schematically represented in inset of Fig. 9)
and compares it with the A(7) and A*(7T) dependences. The
increase in the gap is proportional to A%(T) and, thus, to the
square of the magnetic order parameter [see Eq. (1)]. Such
behavior can be easily understood in the framework of the
perturbation theory.

Indeed, the first-order corrections to the energies of the I';
and I', singlets due to the perturbation V vanish but the
second-order corrections,

AEMTM =— AE(TY) = 18(T) = |a(DPEG(Ty),  (2)
with
_ M3g0<1“111|]z|1“£>
EII,I(TN)

are proportional to the square of the magnetic order param-
eter. In Eq. (2), a contribution from the I’ state at 560 cm™!
(see Table I) is neglected; all the other CF states of the *H,
ground multiplet (which are the I'; states) do not contribute.

a(T) AMg(T), |a| <1, (3)

PHYSICAL REVIEW B 80, 195101 (2009)

300 AIIBIIC 1D (@)
T I [} I
1| s i

2004

)

1004

Absorption coefficient (cm
w
o
g

IAIB IC IDIE
- | I |
200
1004
0y T
6540 6560
0 T T T T
6300 6400 6500 6600

Wave number (cm™)

FIG. 10. (Color online) Emergent lines in the low-temperature
spectrum of the 3F 3 multiplet. The Insets show in detail the rise of
the lines (a) IB and (b) ID below Ty.

Together with the second-order corrections to the ener-
gies, one finds the first-order corrections to the wave func-
tions, |[TH(D))=(1+]a(D)>)"2(IY+a(T)|TY)). The en-
tanglement of the I'; and I', states at T<<Ty breaks the
selection rules for optical transitions. Strictly forbidden
I',—T, spectral lines should appear below Ty, borrowing
their intensity from the allowed I') —1TI', transitions. An ex-
ample of such emergent lines is shown in Fig. 10 that dis-
plays the optical multiplet *H,— *F;. At elevated tempera-
tures 7> Ty, transitions from the lowest two levels I', and
' of the ground multiplet to the I'y and T'; sublevels of the
’F, multiplet are observed, together with two strong
m-polarized lines I1IB and IID of the FIII—> I', transitions. The
I';—T, lines are absent, in a complete agreement with the
selection rules. However, below Ty, two additional
m-polarized lines, IB and ID, emerge and rise in intensity
with further lowering the temperature. The lines IB and ID
arise at the positions shifted precisely 48 cm™' to higher
frequencies from the lines IIB and IID, respectively, and,
thus, have to be assigned to the forbidden I'y—T', transi-
tions. Insets of Fig. 10 represent the lines IB and ID at dif-
ferent temperatures 7<<Ty. Both lines are saturated in a
0.15-mm-thick sample at low temperatures, but we failed to
prepare a thinner sample. To measure the intensity of an
emergent line in the whole temperature interval 7<<T), we
have chosen the weak line at 21 280 c¢cm™' corresponding to
the I‘I2—>F§) (*P,+'I,) optical transition. Stars in Fig. 9 rep-
resent the integral intensity / of this line divided by the rela-
tive population of the ground level n;(T). Open stars refer to
the same quantity for the line IB of Fig. 10, in the tempera-
ture interval where correct measurements of the intensity
were possible. One can see that the quantity //n; for emer-
gent lines follows the same temperature dependence as the
increase &(T) of the energy gap between the lowest states Flz
and I’ IlI and is thus also proportional to the square of the
magnetic order parameter.
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Neglecting a possible modification of the wave function
IT'%) at T< Ty [which is justified by a large distance between
the level B (°F3) and the nearest T'; level E (*F;)—see Table
I], we obtain the following relation between the intensities of
the forbidden (IB) and allowed (IIB) transitions

Ii(7)
ny(T)

IHB(T)

=|a(T))? .
=lo(D)| ny(T)

(4)

Here, nyy(T) is the relative population of the level I'}l which is
determined by Boltzmann distribution. From Eq. (2), using
the measured shift §(7=26 K)=1.8=0.2 cm™' of the IB
line relative to the IIB line, with respect to the energy gap
between the ground state I'y and the first excited state I'll at
T=33 K>Ty, E;;=489%0.1 cm™!, we obtain |ef
=0.018 +0.002. The value |a|*=0.027+0.006 is obtained
after substitution of the intensities I;g/n;=360+40 cm™,
Iyg/ny=13 000 = 1000 cm™ measured at the same tempera-
ture into Eq. (4). The discrepancy between these two values
is almost within the precision of measurements. However, an
additional contribution to the relative line shift due to spon-
taneous magnetostriction and a non-negligible effect of the
exchange interaction on the wave function of the final state
Fg (°F;) of the considered optical transition are also pos-
sible.

Using the expression for « from Eq. (2) and the value
go(T'|7.|T5)=2.234 obtained from the crystal-field calcula-
tions (see Sec. IV A), we get the estimates for the maximum
value of the exchange field B (5 K)=98*4 kG or
B (5 K)=120*=13 kG from the measurements of &7) or
of the intensity of the emergent line IB, respectively. These
values are close to the value B.,~ 115 kG obtained from the
magnetic susceptibility measurements in Ref. 12.

Thus, the suggested mechanism explains well the discov-
ered effect of the appearance of forbidden spectral transitions
at the magnetic ordering of a crystal. The effective exchange
magnetic field mixes the states of different symmetries. As a
result, a formerly forbidden optical transition borrows the
intensity from a close in energy allowed transition (see the
scheme in the inset of Fig. 9).

IV. EFFECTIVE HAMILTONIAN OF THE Pr** IONS

A. Crystal-field and configuration interactions

The measured energy spectrum of the Pr’* ions in
PrFe;(BO;), in the paramagnetic phase was analyzed using
the Hamiltonian H[(,’;)=HFI+HCF, where Hpy is the free-ion
Hamiltonian and Hcr corresponds to the interaction with the
crystal-field. At the Pr3* sites with the D5 symmetry, in the
Cartesian system of coordinates with the z axis along the
crystallographic ¢ axis and the x axis along the crystallo-
graphic a axis (which is the C, symmetry axis), the even
component of the CF Hamiltonian that determines the CF
splitting of the 4f2 states is defined by six independent real
CF parameters BZ:(p=2,4,6;pZ lgl,q=0,-3.6),
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HE.= 2 {B{CY (k) + ByCyY (k) + BSC (k)
k

+iBL[CH (k) + C ()] + iBS,[CO) (k) + CO (k)]
+ B C(k) + CO(k)]}. (5)

Here the sum is taken over 4f electrons, Cgp)(k) is the spheri-
cal tensor operator of rank p. Values of the free-ion param-
eters were taken from literature for impurity Pr’* ions in the
oxygen surrounding in YPO,.** Values of the CF parameters
were obtained by fitting the eigenvalues of the Hamiltonian
HY to the measured CF energies. The initial set of the By
parameters was taken from our previous study on
NdFe;(BO;),.2% By varying these parameters up to 20%, we
could not remove pronounced discrepancies between the cal-
culated and measured CF energies for the multiplets with
zero value of the total spin ('G,,'D,). This problem in the
analysis of the Pr’* spectra in other dielectric crystals was
earlier discussed in the literature.>% In particular, it has
been shown that mixing of the ground configuration 4f> with
the excited configurations 4f5d and, especially, 4f6p can in-
duce relative shifts of CF energy levels comparable to the
largest differences (up to 100 cm™') between the experimen-
tal energies and the results of the numerical diagonalization
of the Hamiltonian Hg;) in the space of states of the 4f”
configuration only.

So, our next step was to take into account the
4f%/4f5d and 4f%/4f6p configuration interactions explicitly.
We would like to note at once that in the case of Pr** in
PrFe;(BO;), too, a much better description of the
measured CF energies for the 'G, multiplet was achieved
when performing the calculations in the total space of
91(4f%)+140(4£5d) +84(4f6p) =315 states. The ground 4>
configuration is coupled to the 4f6p configuration by the
electrostatic interaction and by the even crystal field and to
the 4f5d configuration by the odd crystal field

HE = % {BICH k) - (1)1 + BILCY (k) - P (1)}

(6)

To account for the 4f2-4f6p -electrostatic interaction,
we used the Slater parameters F>(f,f,f,p)=-4886 and
FXf.f.f.p)=—2968 cm™'.343> Reasonable values of
the additional even CF parameters BZ(f,p)=1600,
By(f,p)=-5500, and B*(f,p)=6000 cm~' were obtained
from fitting of the 'G, multiplet CF splitting. Parameters
of the odd crystal field B3(f,d)=2110 and
B3(f,d)=2170 cm™' were calculated in the framework
of the point charge model. The final set of CF parameters for
the ground configuration is as follows (the initial values of
CF parameters corresponding to the Nd** ions in
NdFe;(BO;), (Ref. 28) are in brackets): B2=556 (551),
Bj=—1447 (-1239), B*;=867 (697), Bj=534 (519),
B2,=165 (105), and B®=376 (339) cm™!. The calculated
CF energies are compared with the experimental data in
Table 1.

Using the wave functions found as eigenvectors of the
Hamiltonian Hgi), we have calculated the magnetic spectro-
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scopic factors g, for the I'; levels (see Table I, column 6).
Substituting the measured values of the splitting A of the I';
doublets and the calculated g factors into Eq. (2), we esti-
mated the corresponding effective exchange magnetic field
and found that B differs substantially for different I'; states
(see column 8 of Table I). The reason is that because of an
essential anisotropy of the RE-Fe exchange interaction, the
level splittings cannot be accounted for by a single parameter
(effective exchange magnetic field).”” The correct Hamil-
tonian for the Pr-Fe exchange interaction is presented in the
next section.

B. Hamiltonian of the Pr-Fe exchange interaction

According to results of the neutron diffraction studies of
the magnetic structures in RE iron borates, the coupling be-
tween the nearest Fe** ions is antiferromagnetic within the
spiral Fe-O-Fe chains along the ¢ axis and ferromagnetic in
the planes normal to this axis.!*?>7 In the magnetically or-
dered phase, the unit cell doubles along the ¢ axis, and di-
rections of the magnetic moments of the Fe** ions are gov-
erned by the magnetic anisotropy of the RE ions. In
PrFe;(B0Os), magnetic moments of the Pr** and Fe** ions are
collinear with the ¢ axis.!?

The exchange interaction between the RE ion and the
S-state (Fe**) ion has the form?®

Higpe= 2 AU)S, - Spes (7)
k

where [, and s, are the orbital and spin moments, respec-
tively, of the kth 4f electron, and Sk, is the spin moment of
the Fe** ion. The exchange potential operator A(l,) that de-
scribes the dependence of the exchange energy on the orbital
state of the RE ion can be expanded in a series of spherical
tensor operators. In the framework of the mean-field approxi-
mation, neglecting fluctuations of the iron spin moments, we
substitute the average value of the spin moment (Sg,) for the
dynamic variable Sg.. Summing expression (7) over the six
Fe* nearest neighbors to a Pr** ion, which are magnetically
equivalent, we obtain the exchange potential of trigonal sym-
metry with the structure of the CF Hamiltonian (5). The ex-
change Hamiltonian for the Pr** ion may be written as
Heyy=—F Mg, where Mp,=—gup(Sr.)(g=2) and

1

7 2 )+ R0 + W + P )

+ia4[C§(0 + CHU + ia§LCE W) + G 0]
+al[CO (k) + C (k) s )

In absence of the external magnetic field and at temperatures
T<Ty, the subsystem of the Pr** ions contains two sublat-
tices with antiparallel magnetic moments induced by the
Pr3*-Fe’* exchange interaction. The Hamiltonian for the Pr3*
ions is then written as follows:

H]()f) = HFI + HCF + FzMFe,Z’ (9)

where Mg, ,=—gup(Sg..) is the order parameter of the mag-
netic phase transition. The energy spectrum of the Pr’* ions
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at the temperature 5 K was obtained using numerical diago-
nalization of the matrix of the Hamiltonian (9) calculated in
the basis of the two-electron Slater determinants for the 4f2,
4f5d and 4f6p configurations. For Mg, ,, we adopted the
value 4.8 up at 5 K,'* slightly smaller than the saturation
moment 5 up. The values of the seven parameters of the
exchange potential a(’=0.708, a{?’=24.10, al’=-28.55,
al=29.13, a¥)=0.77, a'9=-26.82, and a®'=-38.97 cm™'
were found from a comparison of the calculated splittings of
the I'; doublets and the temperature-dependent gap between
the lowest I'; and T', sublevels of the ground multiplet *H,
with the experimental data (see Table I, columns 4 and 7).

If we compare contributions of different terms in the ef-
fective exchange potential (12) to the exchange splittings of
the Pr** doublet levels in PrFe;(BOs), the result is that the
contributions of the anisotropic terms to the splittings are, as
a rule, comparable to or even larger than those of the iso-
tropic term defined by the ag)o) parameter. In this context, one
should keep in mind that the estimate of the effective ex-
change field obtained in the Sec. III B and in Ref. 12 refers
only to the pair of the lowest two levels of the Pr’* ion in
PrFe3(BO3)4.

Next, we consider the influence of the exchange interac-
tion upon the intensities of the optical transitions. Integral
intensities of the electric dipole transitions between CF states
of the ground 4f configuration are proportional to squared
moduli of the corresponding matrix elements of the electric
dipole moment of the Pr** ion. For the 7r-polarized radiation,
only the z component of the dipole moment

D, = >, {er, (k) + b CH(k) - (k)]
k

+b[CO (k) - CO )]+ b [ CO k) - O}
(10)

is relevant (where e is the electron charge and ry, is the radius
of an electron). The first (odd) term in Eq. (10) has nonzero
matrix elements within the space of states of the ground con-
figuration due to its mixing with the 4f5d configuration in
the odd crystal field, the additional (even) terms correspond
to the interaction of the Pr’* ion with the crystal lattice po-
larized by the incident radiation.*® For simplicity, we have
restricted our consideration to the polarization of oxygen
sublattices only. The reasonable value of the O* ion effec-
tive polarizability, 0.24 X 10~ nm?, was obtained by fitting
the measured relative intensities in the optical multiplet
*H,—3F; at T>Ty. The corresponding parameters of the
dipole moment (10) equal b3=-27.3, b$=4.24, and
b(16=—3.98 (in units of 10 e nm). The calculated intensities
of the transitions from the two lowest sublevels of the
ground multiplet *H, to the singlet sublevels of the *F5 mul-
tiplet are compared with the experimental data in Table II.
One readily sees that I'y —I'; and I'; —T', transitions, for-
bidden in the paramagnetic phase, become allowed in the
magnetically ordered phase due to mixing of I'; and I', states
by the exchange interaction. In particular, the intensity of the
strong allowed transition Flll(48 cm‘l)—>F§ (6555 cm™) is
partly redistributed at low temperatures between the formerly
forbidden  transitions T’ 12(0) —T é) (6555 cm™) and
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TABLE II. Measured and calculated (in brackets) integral intensities (relative units) of electric dipole
transitions (7 polarization) from the ground and the first excited states to the singlet sublevels of the 3F3
multiplet, devided by the relative population of the initial level. The value of 100 is ascribed to the

I 111_> F? transition.

°F; '} 6482.5 cm™! 'Y 6555 cm™! 'Y 6571.7 cm™
’H, T>Ty T=5 K T>Ty T=5 K T>Ty T=5 K
0 cm™ 0 13204 72+15 6.6+1.3 4.0=1.0
(0) (1.3) (5.8) (2.7) (1.6)
I 48 cm™! 20+ 4 20+ 4 100 100+20 0
(25) (23.7) (100) (91.8) (0) (3.5)

Flll(48 cm‘l)—>Ff(6571.7 cm™'). Taking into account the
measured temperature dependence of the gap between the
lowest 'l and T} sublevels of the ground multiplet *H, and

their populations, we can match satisfactorily the
observed relative intensities of the allowed
forbidden

F?(48 em™) —T%5(6482.5 cm™) and  the
FZ(O)Hf‘g (6482.5 cm™!) transitions at temperatures below
TN.

Note that eigenvalues of Hamiltonian (9) do not depend
on the sign of the iron magnetic moment M, , and values of
splittings and shifts of spectral lines below T are invariant
against the transformation F' — —F. The sign of the exchange
potential was determined from the analysis of the magnetic
susceptibility which is presented in the next section.

V. STATIC MAGNETIC SUSCEPTIBILITY

Let us consider linear responses of the coupled Pr- and
Fe-subsystems to the weak external magnetic fields. We have
a possibility to compare calculated magnetic moments in-
duced by the external field at different temperatures with the
temperature dependences of the principal values of the sus-
ceptibility tensor of PrFe;(BO;), measured in Ref. 12 and
hence to check the set of parameters of Hamiltonian (9).

A. Paramagnetic phase

Magnetic properties of the iron subsystem have been con-
sidered earlier in Ref. 28 in the framework of the two-
particle cluster model. In the mean-field approximation, ne-
glecting the anisotropy energy and the magnetic dipole-
dipole interactions (which are about two orders of magnitude
smaller than the exchange interaction), we write the Hamil-
tonian of the two nearest-neighbor Fe®* ions inside the spiral
chain with the spin moments S; and S,,

H;=-2J,,5,-$,

= [2(Jn + 2J,0)(Ske) = 15(B +(F)/3)] - (1 +55).
(1)

Here, the first term corresponds to the isotropic exchange
interaction within this Fe-Fe dimer, the second term repre-
sents the exchange interactions of the dimer with the nearest-
and next-nearest-neighbor Fe?* ions that belong to the same
chain and to the two other neighboring chains, respectively,

the third and the fourth terms describe the interaction with
the external magnetic field B and the exchange interaction
with the nearest Pr3* ions, respectively, (each Fe3* ion has
two nearest-neighbor Pr’* ions); J,, and J,,, are the corre-
sponding intrachain and interchain exchange integrals con-
sidered as adjustable parameters and (F) is defined below. To
avoid introduction of additional fitting parameters, we used
in this work the values J,,=-6.25 K, J,,,=—1.92 K ob-
tained in our previous study on the magnetic susceptibility of
NdFe3(BO3)4.28

At temperatures 7> Ty, average values of the iron spin
moments ((S,)=(S,)=(Sg.)) and of the operator F are linear
in the external field B. The magnetic moments of the Fe**
and Pr3* ions induced by the magnetic field equal

Mg.= X;°(B +(F)/3),
My, =— ,U«B<E I+ 23k)>
k

=XPrB+BMFe’ (12)

where (F)=BB—- yMp. and the symbol (---) denotes a ther-
mal average with the Hamiltonian

Hpo= HY + gupF - (Spoy + 2 pp +2s,) - B (13)
P

of the Pr3* ion in the external magnetic field. The analytical
expression for the isotropic dimer susceptibility )(Se (per ion)
was presented in our previous work [see Egs. (8)—(10) in
Ref. 28]. The components of the axial tensors B8 and vy and of
the susceptibility tensor xp, of the Pr** ion were computed
for the temperatures from 7y=32 K up to 300 K with a step
of one K. The components of the bulk susceptibility (per
mole) can be easily obtained from the self-consistent equa-
tions (12),

X = Na| Xpeon + Te (14)

34 Xa "
where N, is the Avogadro number. The calculated tempera-
ture dependences of x,.=x; and x,,=x, are compared with
the experimental data'”> in Fig. 11. At temperatures above
200 K the influence of the Pr-Fe exchange interaction is
practically negligible and xy) = N, (Xpran+3X5°). However,
at lower temperatures the renormalization of the iron dimer

Xge(3 + ,Bm\)z]
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FIG. 11. (Color online) Temperature dependences of the longi-
tudinal and transversal magnetic susceptibilities of PrFes;(BOs),.
Symbols—experimental data digitized from Ref. 12; the results of

calculations are represented by solid and dashed (for the inverse
sign of the Pr-Fe exchange interaction) curves.

susceptibility due to the Pr-Fe interaction results in changes
in the calculated x; and x, (up to =7.4% and *1.2%, re-
spectively) depending on the sign of the operator F. The set
of parameters a;,q) in Eq. (8) presented in the preceding sec-
tion provides the best agreement of the calculated suscepti-

bilities with the experimental data (see Fig. 11).

B. Antiferromagnetic phase

The mean-field approximation yields a greatly overesti-
mated phase transition temperature, especially for quasi-one-
dimensional systems. As it is well known, a long-range order
should be absent in Heisenberg spin chains with finite-range
interactions, but we obtain the nonzero Ty=55 K for the
isolated iron chain in the framework of the dimer model
using the intrachain exchange integral J,, given above.?® To
solve this problem, we modify the model deleting the terms
in the effective dimer Hamiltonian which are responsible for
the formation of the long-range order in the single iron chain.
At temperatures 7<<Ty and in absence of the external mag-
netic field, the Hamiltonian of an iron dimer is written in the
following form

)(Sl,z - SZ,Z)’
(15)

4Jnnn
Hd(M)=_2JnnSl'SZ+g:U“B <F>+( )2
Mp

where M =gug(S;)o=—8mp(S1.)0 (the symbol (- --), denotes
a thermal average with the Hamiltonian H (M)) and (F.) is
the operator F, averaged with the Hamiltonian H [see Eq.
(9)]. Using Hamlltoman (15), we obtain the 1sotr0plc stag-
gered susceptibility of the iron subsystem (for (F,)=0),

F —
X )= 30, 2D36 - ZOT Y

(Z(T):E§=O(ZS +1)exp[S(S+1)J,,/kgT] is the statistical sum
for the isolated dimer) which diverges at Ty=36 K. So, in
the framework of the modified dimer model used in the
present work, the phase transition is induced by the inter-
chain exchange interactions only, and the transition tempera-
ture agrees well with the experimental data for different RE
iron borates.

Na(gmp)*

(16)
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The dimer susceptibility is anisotropic in the ordered
phase. The Hamiltonian of an iron dimer in the external mag-
netic field B reads

Hy(M.Bg) = H/M) + gupBes:- (S +S,), (17)

where the effective magnetic field equals By
=B+J,0Mg.+ &F)/3 with J,=2(J,,+2J,,,)/ (gup)* and

Ti[(F\ — (F.)&,.)exp(— Ho (B, M) /kT)]

Fy)=
KE Tr exp(— HS (B, 5My) ks T)

(18)

Here H'\)(B,oMy,) is the Hamiltonian of the Pr’* ions at
T<Ty in the external magnetic field,

HY (B, 0My) = HSY — F - oMy, + >, up(l, +2s,) - B.
k

(19)

Thus, we have neglected the intrachain interactions between
iron dimers in Hamiltonian (15) for zero external magnetic
field, but, in Hamiltonian (17), we save all terms correspond-
ing to interactions of a dimer with the magnetic moments of
the nearest and next-nearest iron ions induced by the external
field.

In the linear approximation, we obtain for &F) and for
magnetic moments of the Fe’* (dMp,) and Pr** (Mp,) ions
induced by the external magnetic field a system of self-
consistent equations similar to Eq. (12). Expression (14) for
the bulk susceptibility at 7> Ty is valid at T<<Ty as well,
however, in the latter case the components of the axial ten-
sors 3, y and xp, are computed by making use of Hamil-
tonian (19), and the susceptibility of the iron ions x.° is

replaced by x5, =Xaa(1—xaJ) ™", where

Xfi - h“}) Tr[(Sl A+ S20)

Xexp(— Hd(M,B)/kBT)]/Tr exp(— H,(M,B)/kgT).
(20)

The results of calculations carried out for fixed temperatures
T (with the step of one K) using the measured values of the
order parameter M(T) agree well with the temperature de-
pendences of the longitudinal and transversal susceptibilities
presented in Ref. 12 (see Fig. 11).

VI. SUMMARY

High-resolution (0.1 cm™) broadband
(1500-23 000 cm™') temperature-dependent polarized opti-
cal absorption spectra of the PrFe;(BOs), single crystals,
pure and with 1% of erbium introduced as a spectroscopic
probe, have been measured. The energies and symmetries of
the 54 CF levels have been found from the analysis of the
spectra of PrFe;(BO3), in the paramagnetic phase and com-
pared with the results of crystal-field calculations that took
into account the 4f2/4f5d and 4f>/4f6p configuration inter-
actions. This procedure resulted in a set of six CF parameters
for the ground 4f? configuration of Pr’* in the D; symmetry
site of PrFe;(BO;),.
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The spectra of Er** probe in PrFe;(BO;), point unam-
biguously to the magnetic phase transition at 7y=32 K into
the antiferromagnetic structure of the easy-axis type. The
splitting of the I'; doublets and level shifts due to the Pr-Fe
exchange interaction in the magnetically ordered phase have
been measured and analyzed using the exchange Hamil-
tonian parametrized by seven parameters. An important re-
sult of this analysis is that the anisotropic terms in the ex-
change Hamiltonian are comparable with or even greater
than the isotropic term. The calculated magnetic moments of
the Pr** ions induced by the exchange interaction with the
magnetically ordered iron subsystem at low temperatures
saturate at the value of 0.95 up and are antiparallel to mag-
netic moments of the nearest-neighbor Fe** ions.

An interesting effect has recently been observed®® in the
low-temperature spectra of PrFe;(BO3),, namely, strictly for-
bidden spectral lines emerge at the magnetic ordering tem-
perature and grow in intensity when further lowering the
temperature. We show that this effect takes place due to the
mixing of Pr’* singlet states by the exchange interaction in
the magnetically ordered phase and describe it quantitatively
using our model of crystal-field and exchange interactions.
The developed model was tested also by comparing the cal-
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culated temperature dependences of the longitudinal and
transversal magnetic susceptibilities with the experimental
data.

In summary, the obtained in this work set of six CF pa-
rameters and seven parameters of the exchange interaction
between the praseodymium and iron subsystems allows us to
describe satisfactorily the spectral and magnetic properties of
PrFe;(BO;3), in the paramagnetic and antiferromagnetic
phases. The results of the present study also confirm that the
model of the iron dimers inside the spiral chains of
Fe3*(0?")¢ octahedrons introduced earlier in Ref. 28 and
modified in the present work may serve as a basis for the
analysis of low-temperature properties of other RE iron bo-
rates.
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