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Growth and magnetooptical properties of anisotropic TbF; single crystals
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Abstract. The present paper investigates the Faraday effect and absgrption and“luminescence spectra of single-crystal

TbF; measured at 90 K and 300 K. The optical-quality single-phase TbF; cry%als (structural type f-YF;) were grown
by the Bridgman technique. Faraday rotation angles were meas(regat rem
g the [100] axis. “Quasi-doublet” sublevels with

energy at 0 cm™, 65 cm™ and 190 cm™, and also a sing%blxl v‘v'ITh energy at 114 cm™ located in the ground "Fe
m

multiplet were determined from the low temperaturei% ence'spectra. The Van-Vleck behavior of the magnetic
a

tization along the [100] crystallographic

axis. Low temperature optical measurements were carrieddgut

susceptibility y, can be satisfactorily explained by ic mixing of wave functions belonging to the ground and

first excited “quasi-doublet” sublevels at 0 a respectively. Analysis of the oscillation dependences of the
rotation angle showed that the value of the natura ixgiringence (An = 0.0186) remains nearly constant within the
wavelength and temperature ranges under % %‘on. As the temperature decreases, we find significant increases in

the oscillation amplitude of the rotati n%; in the Verdet constant V. The spectral dependences V(y) are linear

throughout the temperature range. The netoeptical activity of TbF; can be explained by means of the spin- and

parity-allowed electric-dipole transitions in the Tb*" ions.

I. Introduction y.
Trifluorid a&ar: rﬂq ions [1] at low temperature demonstrate a wide variety of magnetic
ake

properties, whi heir investigation interesting for theoretical studies of magnetic ordering.

For instanee, insghe 1970s, ferromagnetic ordering of the Tb*" magnetic moment was unexpectedly

f the temperature dependence of the magnetic susceptibility and specific heat

rhombic crystals (7¢ = 3.95 K) [2], in contrast to other RE crystals with thombic

ymmetey, w)lere antiferromagnetic ordering is usually observed at a low temperature (7y < 3.8 K)

)

f HoF3; and TbF;. The CeF; and NdF; crystals have a the hexagonal tisonite-type structure (space

stallographic properties of trifluorides such as CeF;, PrFs;, NdF; differ greatly from those

group P-3cl) [1,4,5] with the third-order optical axis coinciding with the crystallographic c-axis.
This has allowed for detailed investigation of the Faraday effect (FE) in an external magnetic field

(0 — 15 kOe) oriented along the c-axis of these crystals within a wide temperature range (4.2 — 300


http://dx.doi.org/10.1063/1.4989839

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |
l s I PK Interest in potential applications of these trifluorides in magnetooptical devices [6] is mainly

Publishingiz to their high transparency in a wide spectral range (0.2 — 6 um) [7] and superior mechanical
properties in comparison with other crystalline materials such as the rare-earth chlorides [8].

By contrast, the crystal structure of TbF; (and HoFs) has orthorhombic symmetry (space

group Pnma) [9] and is called a “quasi-uniaxial crystal,” as the optical axis does not coincide with a

crystallographic axis of the orthorhombic structure (a, b, c). In this case, i{%stigation of anisotropic

materials in magnetooptical experiments must identify the precise orie th the optical axis,

since the presence of natural birefringence greatly complicates th aurement of the Faraday

effect in any other orientation [10, 11]. For this reason, VCWN ies have been done to

investigate the FE in trifluoride Tb*" or Ho®" crystals. )
The present paper investigates the Faraday effect and abso ';?nd luminescence spectra of
single-crystal TbF;. The FE angles were determined from temberature and spectral dependences

of the rotation angles of the major axis of tthlamsation ellipse of light, measured at
remagnetization of the crystal along the [100] axis\ﬁ wavelength 430-700 nm at 92 K and 300
e

K. The luminescence and absorption spectra&&;\{as red using unpolarized light in the spectral

regions containing the visible and ultraviolet ,Kabsorption bands, with a spectral resolution of 2
5 il f

—3cm’ for the optical absorption and 3 — < for the luminescence spectra.
\ <
I1. Measurement procedures and s es
The TbF; crystals were the Bridgman technique using a graphite heater and

multicellular crucibles. ThFs.crystals were synthesized from terbium oxide TbsO7 (99.998% purity)
by the hydrofluoride methed in a CF4 (99.999% purity grade) atmosphere. The growth chamber was
evacuated prior to gtowtl by turbomolecular pumping to a pressure of 10 Pa. The growth was
conducted with aftemper e/gradient in the growth zone of 80 K/cm and a crucible pulling rate of
3 mm/h. The po ?&Nooling rate was about 50 K/h.

S obtained were up to 40 mm in diameter, with a slight rose tint, free of visually
al{erir}g inclusions (see Fig. 1). Occasionally, individual cracks along the (010) cleavage
plan were obsetved in as-grown crystals. Oxygen contamination in the TbF; crystal was lower than
00, ppm, zb assessed by the vacuum fusion technique. The single-crystal orientation was
termi!)ed by the back-reflection Laue method. Crystals of optical quality were cut and polished
\%orl\ e main crystallographic (001), (010) and (001) planes. In the measurements of crystal

roperties, crystallographic axes of the samples were positioned to within 1 deg.
Phase characterization of crystals were performed on a Rigaku MiniFlex 600 powder X-Ray

diffractometer using CuK, radiation in the 2¢ range from 10° to 100°. Unit-cell parameters were

calculated using the DICVOL program. The single-phase TbF; crystals belong to the structural type
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l s I PB YF; (space group Pnma) and have lattice parameters: a = 6.5109 A, b = 6.9482 A, and c = 4.3886

Publishing. in agreement with those reported in [9]. The refractive indices ny, ny, and n, were measured by
the refractometric method along the major crystallographic axes [100], [010] and [001]. The values
for A =0.589 pum are ny = ny =1.602, ny = n, =1.588 and n, = n, =1.569, close to data published in
[12].

The absorption and fluorescence spectra were obtained with a high resolution diffraction
monochromator MDR Model 23 (LOMO, Russia). The average insttumental resolution was 0.03
@nents in the wavelength

range covered. Both the excitation and luminescence observationswwer

nm for the absorption spectra and 0.05 nm for the fluorescence m

one in a longitudinal
geometry. Nonpolarized photoexcitation was produced by Q@f‘y lamp with a UV filter.
Detection of the absorption spectra was made using photofntultipliertubes sensitized by a technique
described previously that stabilizes the average photoLnu I lier}urrent at a constant level while
scanning over a given line shape [13]. Optical spectta Werejecorded at 92 K and 300 K. For low

temperature measurements the crystal was attache a coldfinger of conduction Dewar filled with

liquid nitrogen (7' = 78 K)
Measuring the Faraday effect for TDKJ‘\&H orhombic crystal is challenging, due to the

large background natural birefringenc 2 [10, 11, 14, 17]. The measured double-angle

('D

n
tangent to the major-axis polarizat@\eh rotation has an oscillatory character that depends on
ss

the wavelength A, crystal thic

temperature 7 [14,17]. The amplitude of the oscillations

of the double-angle 6 is proporti n o the Faraday effect angle «,, and the period of the

oscillations is proportio magnitude of the natural birefringence An [14,17]. Note that the
angle @ is small, wit Valu of

[15, 16].

few arc minutes in a field of 10 kOe in the visible spectral range

Addltlon e of the natural birefringence (~107%) complicates interpretation of

precise opti 1 m asure ents due to observation of the strongly oscillating dependence of the

rotation

highl

gle of'the major axis € on the wavelength and temperature. Due to this feature, we use a

sen 'Ve nfethod of dynamic registration to measure the angle 6 [14,17]. In this case, the

angle, is deﬁssed y a relative change of the intensity of light passed through the “polarizer-sample-

nalyzer

'odic}ty of the rotation angle 6 with the frequency of the alternating magnetic field H. Hence,

tical system in an external magnetic field. Magnetic reversal of the sample results in

\fgh.t\ﬂux coming into the photodetector consists of two terms: an alternating signal related to the

tation of the plane of light polarization (or major axis of the polarization ellipse) Al =(/ -1,),
and a constant signal /,, with intensity defined by the light flux passing through the “polarizer-

sample-analyzer” optical system at H = 0. Using the Johns matrix [10], which describes relative
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l s I Pan iplitudes and phases of the components of the electrical vector of the light flux passing through

Publishin@ : magnetized orthorhombic sample [10], we consider the case of the transmission plane of the
polarizer (P) oriented parallel to one of the crystal axis of the orthorhombic crystal, with a 45 deg
angle between transmission planes of the polarizer (P) and analyzer (4). Then, the total light
intensity / on the photodetector can be described as:

I=1,(1%sin y-sin®) (1)
where y is the magnetooptical parameter defined by the off-diagon ﬁ.g%\g'of the dielectric

A . . . 2 .
tensor &, whose modulus is proportional to an external magnetiéifield¥f; and ® =——A-/ is the

phase shift arising between the two orthogonal elliptically-po iz‘e) xmnal modes propagating into
the rhombic crystal in the z-axis direction [10, 11], with £ being thesthickness of the crystal. The +
signs correspond to the two orthogonal positions of the tra iss})n plane of the polarizer relative
to the crystal axes. Hence, the expression describﬁ&

1

thejelative change of the light intensity

passing through the magnetized Q%bl%" crystal (in the approximation of large

0
natural birefringence, An >>¢&'/n [15,16)) an\eb.b\presented as:
2%, ,j

2)

sl
I, n-An N~

since in the approximation of small r \Q{

double rotation angle 4 of the p \‘Bp,plarization at the analyzer azimuth of 45 deg. Thus, in this

gles the relative change of the intensity o defines the

experimental geometry, t e‘ﬁve chiange of the light intensity o is an oscillating function of

wavelength and temperature, with amplitude determined by the FE angle (since «,~¢&'/n [15,16])

and period determine )/ the )4a ue of natural crystallographic birefringence An. As a result, the FE
of TbF; can be ‘N%l\ m the spectral and temperature dependences of the rotation angle 4,
su@ along*the [100] axis between 430-700 nm, and at 92 K and 300 K, with the

L‘igh ux fyom a halogen lamp (KGM-100) passing the monochromator is focused by a lens

described below.

on the sample placed in the electromagnet. The magnetic field alternates with a frequency of 80 Hz
nd amplitude of 7 kOe. A polarizer is placed before the sample, and the light passing the polarizer,
sample xnd analyzer is focused on the photomultiplayer cathode by another lens. The
}jam;gmultiplayer signal feeds a lock-in amplifier and synchronous detector, which are connected to
computer. The electromagnet is made of shell-type transformer core, which significantly reduces
inductive interference on the measuring electronics from the modulating magnetic field. To make

low temperature measurements, the samples are placed in a compact liquid nitrogen optical cryostat


http://dx.doi.org/10.1063/1.4989839

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |
l s I Pm ide of thin-walled stainless steel. The rotation angle sensitivity of the setup is < 0.1 arc minute in

Publishing: visible range and is mainly controlled by the noise threshold of the measuring electronics. The
relative error of the rotation angle measurement is 3 — 5%, and the positioning of the crystal axes is

within 2 — 3 deg.

I11. Experimental results and discussion /
3.1. Absorption and luminescence visible spectra of TbF; \

All the optical measurements were made along the crystallo h axis [100] of the TbF;
crystal. The low temperature (7 = 92 K) absorption and emission s arewconcentrated within the

wavelength range from 482 to 497 nm (i.e., from 20120 cm™ 2@1@ ). The absorption (dotted

lines) and emission (solid lines) spectra are shown in Fig. 2.«

The strong absorption due to the optical transitions(@rthe lowest state of the ground 'F4
multiplet of Tb*" ion to the Stark levels of the exci@SD‘; ultiplet is shown by the dotted lines
designated as 1 — 5 in Fig. 2. The remaining weak orpti_(_)_;iines indicated by the numbers from 6
to 11 correspond to optical transitions or@m excited sublevels of the ground 'Fe

Itipletfeyels of Tb*" at 90 K is also shown in Fig. 2. As can

multiplet. The measured fluorescence spe ra&lines and primed numbers) associated with “Dy
luminescence to the 'Fq ground state

be seen from this figure, similarbands,(though with differing intensity) are observed in the
absorption and luminescence spect N 483, 488, and 489.5 nm. The wavelengths of the
overlapping lines 1', 2, 3, 7', & \NO’, 11" observed in the luminescence spectra coincide with
those of 1, 2, 3, 7, 8 and 941011, respectively, found in the absorption spectra.
The coincidenc ogge’\r.% of absorption and luminescence lines in the optical spectra of
lum

TbF; and their tem ependence facilitates construction of a scheme of the optical transitions
in the absorptio/

z\[ éence spectra (see Fig. 3) and helps to establish the energies of most
of the Stark uB”avels the ground "Fs and excited D4 multiplets split by the low-symmetry
crystallingfenvirenment of the Tb>* ion (Cs symmetry [1, 9]) in the TbF; orthorhombic crystal. The

f{Fig/ 3 present the energy level scheme determined from the absorption spectra (left
pan gﬁd fi he luminescence spectra (right panel). As can be seen in the two panels of Fig. 3,
ere i 00$ coincidence in the Stark sub-level energies of the 'F¢ and *D4 multiplets found by
alyzi@ the absorption and luminescence spectra for 7= 90 K, notable exceptions being the sub-
%\/6\1& with energy 65 cm™ and 20670 cm™', which are found in the luminescence spectra only. The
‘quasi-doublet” 65 cm™ level was not found in [18], but a detailed comparison of the data from that
paper with the current spectra measurements leads to a qualitative agreement with the rest of the
quantum states. The magnetic property analysis, given in section IV below, shows that the lowest

state of the "F¢ ground multiplet is a “quasi-doublet.” It then follows that the singlet, and “quasi-
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Publishing: results of [18].

3.2. Magnetooptical visible spectra of TbF3

As mentioned in section II, the Faraday effect in TbF; (as well as in the biaxial TbAIO;
[14,17]) is measured against the background of a large natural birefringence An [10,11].
Consequently, at a fixed temperature 7 and sample thickness /, the rotation“angle & of the major

axis of the polarization ellipse oscillates as a function of wavelengt ,)s shown in Fig. 4, where

the tangent of 2 8 is plotted as a function of wavelength (in nm) at erent temperatures 7 =
92 and 300 K. We see in Fig. 4 that the amplitude of oséi la‘ﬁ)r,;‘&f‘ e angle @ significantly
increases as the temperature is lowered from 300 to 92 K{since thesamplitude of the tangent of 2 6
is proportional to the FE angle . [11]. 3

Comparing the dependences of angle GL ijelength A measured along the
crystallographic direction a both for the TbF; crystabgviththickness 1.7 mm (Fig. 4) and for the
TbAIO; crystal with thickness 0.145 mm ( N an observe an increase in the oscillation
period of angle 6 with a decrease in th Micknes& As a result, the FE of TbF; can be
calculated from the spectral and temp XRendences of the rotation angles & measured for

remagnetized crystal along the [10Q].axi tween 430-700 nm, and at temperatures 92 K and 300
K using the following data procés igcxe from [14, 17].
For this scheme, it is nece;B;\ to define a spectral dependence of An using the fact that
the phase shift betwee ring extrema of the spectral dependence of & angle is 180° for
Thene‘ﬂ:sa

wavelengths /11 and n obtain from formula (2):

= 3
(/1 ﬁ o ®
respectively, [ is t e crystal thickness. Further, with the use of the relation between the
Verdet nstan t d rotation angle @in the external magnetic field H:
27r~An 0
(—j 4
A H

&:&:r;ﬁn values of the Verdet constant corresponding to “mean” values of the wavelengths A4
fro spectral intervals AA=(4, —4,).

Analy51s of the oscillation dependences of the angle & (Fig. 4 and Fig. 5) shows that in the
TbF; crystal, the value of the natural birefringence (An = 0.0186) remains nearly constant within

the wavelength range from 430 to 700 nm for temperatures 92 and 300 K. By contrast, in TbAlIO;
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Publishing good agreement with similar data in [14].

It is important to note that because of the relatively weak change in An with respect to
changing temperature (92 — 300 K) in the TbF; crystal, it is not possible to observe a sufficient
number (at least 5 or 6 are needed) of the oscillation peaks of the angle €(7) needed for reliable
construction of the temperature dependence of the Verde constant /" of t;,n( crystal. For example, in
TbF; for the wavelength 4 =510 nm within the temperature range 9 M only three peak
values of the angle 6 were found for the crystal thickness 1.7 mm. aﬂrast, six peak values of
the angle &(7) at A =506 nm were found in a 1.5 mm thick terbiumth\o minate crystal TbAIO;
within the same temperature range [17], allowing accur@na ion of the temperature
dependence of the Verde constant J of this crystal. o

The behavior of the spectral- and temperature-dep dencé of the natural birefringence An
found in TbF; and TbAIOj; crystals [14, 17] can be explained as follows. The lattice of TbF; is
purely orthorhombic while the lattice of terbium, orthoaluminate can be represented as a
combination of two “quasicubic” sublatticestinserted inside each other and forming a perovskite
structure [19]. Evidently, in TbAIO; a dif’ ritg}lgerature course of the lattice constants of these
“quasicubic” sublattices leads to the ¢ licated behavior of natural birefringence observed when
there are changes in both crystal te per:%

The results for the Verde C(:&i\n&( Iculated using formula (4) and the experimental data
measured in TbF; along the axis m92 K and 300 K are presented in Fig. 6. As well as there
being an increase in os ilbt%amp itude of the angle & with respect to decreasing sample

Ig

and'wavelength.

temperature, as show, ig. 4, there is also an increase in the Verdet constant /' when the

temperature drol?a
o@hﬂ magnetic susceptibility of TbF;

equivalent ]g)s ions of monoclinic symmetry [9] in the TbF; crystal (similar to TbAlO;
rthoalumindte [3,16]), as presented in the inset of Fig. 7. These positions differ from each other in
’entati}n of both the crystalline environment and anisotropy axes (including the magnetic
 anisotropy [2]).
Since Tb*" (4f ®) is a non-Kramers ion [3], each **"'L, multiplet splits into (2J+1) non-
degenerate Stark levels (singlets) when the RE ion enters low symmetry (Cs) sites in the

orthorhombic lattice of TbF;. As a result, the magnetization of the non-Kramers RE ion sublattice in
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Publishing arly the same energy (called “quasi-doublets” [3, 16]) in an external magnetic field A (the Van-
Vleck mechanism [3]) is taken into account.
Following from previous results [2], the maximal magnetic susceptibility of the TbF; crystal

is observed in the ac plane, where it is strongly anisotropic (¥, > y.), whereas along the b axis y,
is less than y, and has a Van-Vleck character [3,16]. The similar anisotsOpic behavior of the TbF;
%&\

magnetic susceptibility is due to the fact that the ground state of the of the Tb>" in the

crystalline field Cs symmetry is a “quasi-doublet”. It is importantito negé that this “quasi-doublet”

state is formed by two Stark sub-levels with nearly identical enefgy values, but with wave functions

described by two different irreducible representations of the po oup.Cs: A and B [1,3,16].
The Tb>" ion in TbF; thus can be treated as an I%ﬂj ith its Ising axis taken as the
magnetic anisotropy axis lying in the ac plane of -the hoSwmbic crystal, at an angle of
=+28" with respect to the a axis (see i se f’} 7). The + signs belong to two
crystallographically-nonequivalent sites diffe in lf)-r-ientation of the local axes. We then
choose the “Ising” axis as the z-axis of the lo%ﬁate system of the Tb*" ion (located at one of

the nonequivalent sites) so that the y-axis 5\1‘3'1'1631 to the b ([010]) axis of the orthorhombic
crystal. In this local coordinate system; %WHV functions of the ground “quasidoublet”, which

have different irreducible represen‘\rhv%1 eps.) of the Cs group (4 and B), can be adequately
approximated by the following i binations of “pure” |/, =M > states [2]:

| A>,| B> 12 |J =6,

J=+6>J_r|J:6,MJ=—6>) (5)

where the top (sym tri(i) si + refers to the state 4 and the bottom (antisymmetric) sign refers
to state B. y.
This ground state of the Tb*" ion in TbF; leads to the fact that its magnetic moment is in the

ac plane fo ientation of the external magnetic field and close to a maximally possible value

“Ising” axis [3,16]. On the other hand, the Van-Vleck origin of the magnetic
suscéptibility along the b axis can be associated with a “quasi-doublet” state at an energy of 65

m-'.ii e s})ectrum of the ground 7F6 multiplet. The wave functions of this first excited “quasi-
ublet’)at 65 cm™ ' have different symmetries 4 and B, and the molar magnetic susceptibility along

\tge y-axis of the local coordinate system can be represented as [3]:
-

A 2 A 2
(|4 |8l
Efql) El(;l)

m

20 =20 = 8o MsN

(6)
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Publishingimber. The molar susceptibility is related to the dimensionless magnetic susceptibility y, as

7" = ;(M , where p=7.23 (g/cm’) is the density and M = 216 g/mole is the molar mass of TbF;.
P

The value of the Van-Vleck susceptibility y, can be explained by assuming that the wave

functions of the first excited “quasi-doublet” at 65 cm™, |[4">, [B> can be <\4(ritten as:
1

|4, B’)zﬁ(]J:@MJ =+8)F|J=6M,=-5) ) (
In this case, assuming that E;” zEg) = kg1 = 65 m')l, heret 79 = 945 K and
2 “""'\
%zl(cm3 -K /mole), we obtain ™ = y\" = 6 gSO = 1005414 (cm3/mole), which is in
B

good agreement with the experimental data [2] extrafljed toF=0 K.
When the temperature is raised, the behavi ODTbF3 magnetic properties becomes
| -

significantly more complicated. Then in addition to the above-mentioned anisotropy in y, the

—~

inverse magnetic susceptibility y, is nonlinearlysdependent on 7, as shown in Fig. 7. A part of the
N explained by a significant mixing of the wave

nontrivial temperature dependence of. %
functions |4’>, |B™> of the first excitéd “quas ~doublet” at 65 cm™ with the wave function |B"> of the
Stark singlet lying near 114 cm 4 Thexif tion for this Stark singlet can be approximated as:

NCU

)= Ssom, =)y =60, =) @®

Another contribution to the temperature dependence of y, is made by the state located at
190 cm™, which (Qii?mally populated at room temperature. This “quasi-doublet™ state is
formed from thkbj%d\ k singlets whose wave functions transform according to the same irrep
of the symmétry gtoup Cs (4", A"""). Note that the magnetic moment p; associated with this state is

directed long the"y-axis of the local coordinate system of the RE ion (i.e., the [010] crystal axis)

and shows 'ng/fike” behavior. According to our estimation, its magnitude is nearly maximal, and

has a%yalue of 1, ~ 8.2 us.
—
Theretore, if an external field is directed along the [010] axis of the orthorhombic crystal, we
should fake into account not only the mixing between the wavefunctions of the ground “quasi-
?}uﬁ‘et” states (4, B) and the first excited “quasi-doublet” states (4’, B'), but also the mixing

between the wavefunctions of the first excited “quasi-doublet” states (4’, B") with the Stark singlet

B located near 114 cm™'. Furthermore, the 190 cm™ “quasidoublet” states (4", A""") become
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Publishing: Tb*" ion becomes significant.
In accordance with the above-mentioned details, an expression for the transverse molar

magnetic susceptibility y, that is valid at high temperatures has the form:

N, u; | 13.5 12.4 22.5
(my _ 2V a4l _ + _ + 9
Xb k, T (P —p1) T, _Tl)(pl 0,) T ,03:| / )

where T, = 164.5 K; p,, p,, p, and p, are the Boltzmann popu tim3s of the ground and first

excited “quasi-doublet” states at 0 cm™ and 65 cm™, the singlet]] ! state, and the “quasi-
expiessions for the Bolzmann

doublet” 190 cm™ state, respectively. The statistical sum Z i ﬂy

populations p,,, 5 is determined as: -~

—
Z,=2+2exp(-65/kT)+exp(-114/kT) +exp(-181/ +2e§)(—190/kT)

= 10
+exp(—257/kT)+exp(—273/kT)+exp(—443/kTL (10)

The calculated results of the y, temperature dependence OQned from expression (9) are plotted in
Fig. 7, from which it is seen that the exp 'rw and theoretical values of the transverse

magnetic susceptibility y, in the invesﬁw\wperature range 4.2 — 300 K are in a good

qualitative agreement. S
-

According to Stephens [20], the perature-dependent contribution to the Faraday effect of

4.2. Faraday effect of TbF; \E\

the non-Kramers RE ion af\\ﬁparamagnetic C-term [15,16]) can arise only if the effect of Van-
a

Vleck mixing in an eXterna etic field H of two close-lying Stark singlets a and b (forming a
oublet”

ground-state “qu?fd

frequencies w, far from the resonance “effective” frequency @y of the spin- and parity-allowed

electric-dipo a) transitions 4/ > 5d (or 5g), can be represented as [20]:

. 2 < Imillal a1 B)(BI P )| By la)=(bI B )| Py )]
Ky N Y i (1

whe 13)(,13) are the operators of the corresponding ED components of the RE ion, u, =
—
g.1d , 1s the operator of the z-projection of the magnetic moment, N is the number of RE ions

) )s taken into account. Then, the expression for the C'-term of the FE at

er cm?, and dy = 2 is the degree of degeneracy of the ground state. The wave functions |@> and |b>
orr?spond to the lowest-energy “quasidoublet” Stark sublevels, and |/> is the wave function of the
Stark singlet of the excited 4f -Dsg configuration at which the optical transition with frequency ax

takes place.
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Publishing: local coordinate system is proportional to the product of the matrix elements of the electric-
dipole (ED) transitions between the a, b states of the ground-state “quasidoublet” and the excited
state j, and the magnetic dipole (MD) transitions between the Stark levels within the “quasidoublet.”
Based on group theory arguments, one can show that the existence of the Faraday effect in TbF;
along the [100] axis (i.e., in the ac plane) is connected with the opposite %mmetry (4 and B) of the
two sublevels of the ground “quasi-doublet” in the 'F¢ multiplet. This obsew directly confirms

the results obtained from the analysis of the magnetic susceptibi bTng performed below,
t” be approximated by a

where it is shown that the wavefunctions of the ground “quasido&ble’\d
linear combination of pure |J, £M > states |6, +6> in the local ‘Is‘ia:cio inate system of the Tb**
ion in TbFs;. -~

The Wigner-Eckhart theorem [19] can be used to aluath the matrix elements in equation
(11) for the spin- and parity-allowed ED 4f — 5d t@itio s arising between the ground (LoSoJo)

multiplet of the 4/ “-configuration and the (L™ Lo &, So) term of the excited 4f Dsg
configuration of the Tb>" ion. If the splitting of the sublevels (following the Judd-Ofelt

approximation [21]) in the summation o f&( ) over the excited states belonging to the
mixed excited 4/ “"V5d configuration Ql is also neglected, then it is possible to obtain the

following expression for the “paramagne ontribution to the Verdet constant of TbF;:

(12)

where, \
K= &nf 2 r>2—(2_g°)[24/G/2—(2L+1) {Ll b BH (13)
0 4 LS+ |1 2 L

8o

The constant K-in equation (12) can be approximated by examining its form in formula (13). For

example, <r* :)lf[r|5d) is the radial integral for the 4f and 5d states, values of which can be

= 7
L 3
19]; N L§ is a 6j-symbol [19], where Lo =3 and L; = 0 are the orbital moments of the Tb**
2 L

ionthe ?round term and 4f D) «ccore”, respectively; L = 2 is the orbital moment of the excited LS,

modeled 21} G;‘ll ¢ L is the genealogical coefficient (or coefficients of fractional parentage)

term<which results from the electrostatic interaction between the 5d electron and the 4f () core”
states of the RE ion. Note that in the approximation of the “average” crystal field [22] in Tb*", the
only allowed optical 4/ = 5d transitions are of the type: LoSo — (Lo—1)So (i.¢., transitions from the

ground term 'F to the excited term 'D). The numerical value for the coefficient K in expressions
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Publishingt rature for Tb> in TbF; [12,18].

These results (as well as those of the orthoaluminate TbAlO; [14,16,17]) show that the
spectral dependences V() for TbF; are linear (following expression (12)) in the temperature range
from 90 to 300 K. A detailed analysis of these dependences by the method described in [14] allows
determination of the values for the coefficient K = 0.76 rad-cm™-Oe™' anfl/the “effective” frequency

w, = 88.87-10" ™! (corresponding to A,= 212 nm) of the allowed tranSitigns onsible for the FE

in TbF;. The difference in numerical and experimentally defined_va of coefficient K reflects
e in calculating the given

both the uncertainty in the experimental data and the assumpti

magneto-optical constant. Processing of the experimental dat Gz%d. also that the temperature-
independent contribution B to FE for TbF; is smaller @ experimental error. The above
conducted analysis as well as the fact that the “effective” fréquency in TbF; is close to the similar

frequency of the first allowed 4f 54 transitions of ort@aluminate TbAlO3; make us conclude
that the FE of TbF3 in the investigated spectral w er%fally due to electric-dipole transitions.

V. Conclusions \;\

This study of the optical and mag Wti spectra of the Tb>" ion in TbF; allows us to make
the following conclusions. The optieal-quality TbF; crystals grown from melt by the Bridgman
technique are single-phase, of ral type 5 -YF; (space group Pnma) with lattice parameters a =
6.5109 A, b = 69482 A, c = 4.3 . Optical measurements made at low temperature (90 K)

along the crystallographi€ axis f100] indicate the energy level structure of the ground "F¢ multiplet
> sta
£

includes “quasi-doublét’ at'energies of 0 cm™ (4, B), 65 cm™ (4', B') and 190 cm™ (4", 4™),

and also a sing?&u vel 1)'4 cm’” (B") that are important for understanding the FE of Tb*" in
TbF;. The Van-Vleckis behavior of the magnetic susceptibility y, can be satisfactory explained by

the magnetic ix}lg of the wavefunctions belonging to the ground and first excited “quasidoublet”
states (lydng at 65 Y of the ground "F¢ multiplet of Tb** ion in the TbF; structure. Analysis of the

oscillation d n(ences of the rotation angle & shows that in the TbF; crystal a value of the natural

birﬂ’r ences (An = 0.0186) remains nearly constant within the wavelength of 430-700 nm for

mperaSures 92 K and 300 K in comparison with TbAlIO; where the value An monotonically
cha not only with increasing wavelength, but also with decreasing temperature. As the
em?)érature decreases from 300 K down to 92 K, we find significant increases in the oscillation
amplitude of the rotation angle and in the Verdet constant V. Our experimental results show that the

spectral dependences V' (y) for TbF; are linear in the temperature interval 92 — 300 K. Moreover,

the experimental results allow us to conclude that the MOA of TbF; in the investigated spectral
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Publishingh** ions.
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Figure captions ‘)
T~

—
Fig. 1. The optical elements fabricated from grown ToF; cr%tals.

(A

Fig. 2. The optical spectra (absorption and luminesgen€e) measured at 92 K in TbF3 for light
propagated along the crystallographic axis [&p:f 0
re

give the absorption and luminescence spega?ctlvely. Absorption peaks indicated by numbers

orhombic crystal. Dotted and solid lines

1 to 11 correspond to optical transitigns originating from sublevels of the ground 'Fs multiplet.
Luminescence peaks indicated by num} I"“to 15" correspond to transitions originating from
sublevels of the excited *Dy mul ipl&

Y

Fig. 3. Schematic dj g@;gof the optical transitions occurring between Stark components of
ifol

the "Fg <> °Dy multiplet of Tb>" in TbF;. Numbered absorption transitions given on the

left panel and lumin®scenCe transitions given on the right panel correspond to the numbered peaks

in the spectra of Fi

92 K an 360 in the TbF; crystal recorded with a field H = 3 kOe directed along the

Fig.A4. tral dependences of the rotation angle € of the polarization ellipse major axis at
crys@hl xis [100] of the orthorhombic crystal. The crystal thickness is 0.17 cm.

—
&k_ly 5. Spectral dependences of the rotation angle & of the polarization ellipse major axis at

F
W

00] of the orthorhombic crystal. The crystal thickness is 0.0145 cm.

in the TbAIO; crystal recorded with a field 7 kOe directed along the crystallographic axis
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l s I P Fig. 6. Spectral dependences of the Verdet constant measured along the [100] axis of the TbF;

Pub”Shin@ystal at 92 K and 300 K. The Inset shows the functional dependence of the }7/y ratio on the

frequency factor @’ / (a)g -’ )

Fig. 7. Temperature dependence of the inverse molar magnetic susceptibility y, of TbF;

presented in CGS units (mole/cm3). Experimental data (solid dots) isg from [2]; theoretical

values (open dots) are calculated from equation (9) in the text. The Q‘i&maﬁc description
5)

of the two crystallographically non-equivalent positions (symmetrﬁ\”rb3+ ions in TbF;.

~—

S’C/\}
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