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Abstract

Electron paramagnetic resonance (EPR) studies of Er’* of single-crystal
KY(WOy), have been carried out at X-band frequencies over a temperature
range from 4.2 to 300 K. The main x- and z-axes of the g-tensor in the ac
plane do not coincide with the crystallographic a- and c-axes, while the y- and
b-axes are parallel. The EPR spectrum is characterized by a strong anisotropy
of the g-factors (g, = 13.25+£0.05, g, = 0 £ 0.1, g, = 3.378 £ 0.005)
and of the hyperfine interaction parameters (A, = —469 £3, A, = 0 £ 3.5,
A, = —120.75 £ 0.8 in 10~* cm~!). The temperature dependence of the
g-factors is caused by an anharmonic part of the spin—phonon Hamiltonian
as well as by a rotational contribution to this Hamiltonian. A spin—lattice
relaxation is shown to result from two Orbach processes through the first and
second excited levels of an electronic spectrum.

1. Introduction

Studies of rare-earth—alkali metal double tungstates are strongly stimulated by the possible
application of these compounds as active materials for solid-state lasers. Optical spectra
have been studied for most rare-earth ions in these crystals [1]. However, the ground-state
characteristics of the rare-earth ions, which can be studied by using the technique of electron
paramagnetic resonance (EPR), are not sufficiently well known. To date, the EPR spectra
of only Gd** [2] and Dy** [3] ions have been investigated and the effects of low symmetry
found. These manifest themselves in a different orientation of the g-tensor axes compared
to the directions of the crystallographic axes. A mismatch was also observed in the angle of
the axes of quantum transitions in the gadolinium spectrum. In EPR spectra of the Dy>* ion,
hyperfine interactions with the intrinsic nucleus and superhyperfine interactions with nuclei
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of the tungstate have been observed. The latter are located outside the nearest dodecahedron
of oxygen ions. Similar interactions were first determined in the spectrum from pairs of Dy**
ions [4]. The paramagnetic ions in the crystals that were investigated are located in chains that
are parallel to the crystallographic a-axis. This results in peculiarities of spin—spin interactions
and the unusual EPR spectrum of dysprosium ions in the KDy(WO,), single crystal [5].
The spectra of other rare-earth ions are expected to also possess interesting characteristics.
In this paper the results of EPR studies on the Er’* ions in the KY(WO,), single crystal are
presented.

2. Crystal structure and experiment

Crystals of rare-earth—alkali metal double tungstates KA(WQOy), (where A =Y, Gd, ..., Lu)
belong to the centrosymmetric class of 2/m monoclinic crystal system. The crystallographic
structures of potassium—yttrium and isomorphic potassium—gadolinium double tungstates are
described by the 12/c or C2/c space groups [6—-10]. The lattice parameters of the unit cell
for the 12/c and C2/c space groups are a = 8.05 A,b=1035A,¢c=7.54A and g = 94°
and a; = 10.64 A, by = 10.35 A, ¢; = 7.54 A and B = 130.5°, respectively. The axes of
transformations from the first to the second space group can be achieved through a; = a +c,
by = b and ¢; = —c. The elementary cell with 72 /¢ structure corresponds best to the habit of
the crystal studied.

The yttrium and potassium ions occupy C2 symmetry positions. Eight oxygen ions
surrounding the Y3* cations present polyhedra that are bonded to each other by their edges and
constitute a continuous chain extended along the a-axis. The K* cations are surrounded by 12
oxygenions. The potassium—oxygen polyhedra present a distorted icosahedron forming chains
along the a-axis. The tungstate ions, surrounded by six oxygen ions, form WOi_ octahedral
anionic complexes. The WO, octahedra constitute a double chain extended along the c-axis
(for the C2/c space group).

The single crystals used in the EPR measurements were grown from a melt of potassium
di-tungstate (K, W,057) by a slow decrease in temperature from 1050 °C at a rate of 3°C h~'.
Well faceted single crystals were produced, with a size of about 3 mm. The orientation of the
crystals was established by x-ray diffraction.

To determine the main axes of the g-tensor using the EPR spectra, it should be necessary to
fix the ac plane, because one of the main axes (the y-axis) is directed along the crystallographic
b-axis (the C2 axis) and other two main axes (the x- and z-axes) lie in the ac plane. The
concentrations of Er** ions in the crystals studied were equal to 0.02 and 1%.

Measurements of EPR spectra were carried out using an X-band spectrometer with high-
frequency modulation. The magnetic field was changed from O to 1 T. The sample temperature
was varied in steps between 300 and 4.2 K by using a flowing helium gas cryostat.

3. Hyperfine structure and angular dependences of EPR spectra

The Er®* ion has 4f!! electronic configuration with the ground multiplet 41,5 2. The low-
symmetry crystal field splits this multiplet into eight Kramer’s doublets. The EPR spectra
were observed at the lowest doublet state of Er** ions. Figure 1 shows the EPR spectrum with
a magnetic field oriented along the z-direction at a temperature of 4.2 K. It consists of the
central intensive absorption line, which belongs to even isotopes of erbium, and eight lines of
the hyperfine structure. The hyperfine structure is due to the interaction of electronic spin with
nuclear magnetic moment (the nuclear spin of I = %) of the odd isotope '®’Er (the abundance
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Figure 1. The EPR spectrum of the Er3* ion in KY(WOy,), with a magnetic field oriented along
the z-direction at a temperature of 4.2 K.

Table 1. The values of the g and A parameters along the main axes of the g- and A-tensors.

Axis g A(10~*cm™h)
0+£0.1 0+35
3.378 £0.005 —120.75+0.8

z 13.25 +£0.05 —469 +3

of which is about 22.82%). The EPR spectrum is strongly anisotropic. Its behaviour in a
magnetic field can be described by the spin-Hamiltonian with the effective spin § = %:

H = BSgB + SAI (1)

where the first term describes the Zeeman splitting, the second term describes the hyperfine
interaction with the erbium nucleus, g is the tensor of the spectroscopic splitting factor, and
A is the tensor of the hyperfine interaction. The calculated spin-Hamiltonian parameters are
presented in table 1.

It is seen that the maximal value of the g-tensor is g.. Figure 2 presents the angular
dependence of the resonance field for an even isotope in the ac(xz) plane. The z-axis makes
an angle of 54° with the c-axis and lies in the ac plane. Figure 3 presents the angular dependence
of eight hyperfine structure lines in the yz plane near the y-axis. Such unusual angular
dependences are associated with a strong anisotropy of the spin-Hamiltonian parameters.
Similar angular dependence was observed in Er-doped lanthanum ethyl sulphate [11]. Because
of the non-equidistance of lines near the y-axis, the sample orientation with respect to the
magnetic field direction should be precise. The spin-Hamiltonian parameters were determined
from the experimental angular dependence of the EPR line’s position using a home-made
diagonalization program of 16 x 16 matrices. The initial selection of g-factors using the
even-isotope spectrum was performed via the standard expression

¢t = gZ2 cos? 0 + gf sin? 6 cos® ¢ + gi sin” @ sin® ¢ )

where 6 and ¢ are the polar and azimuthal angles describing the position of the external
magnetic field.
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Figure 2. The angular dependence of the EPR line of the Er** even isotope in the yz plane. The
angle 6 = 0 corresponds to the z-direction.
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Figure 3. The angular dependence of the hyperfine structure lines of the Er** odd isotope near the
C2 axis. The angle & = 90° corresponds to the y-direction.

The angular dependences of the g- and A-tensors measured in the xz and yz planes have
shown that the principal axes of the g- and A-tensors are practically the same. This implies that
the low-symmetry crystalline field components that are characteristic of monoclinic symmetry
are very small and do not cause an off-orientation of the axes of the hyperfine and Zeeman
interactions.

In the crystal field approximation, and taking into account only the matrix elements
between the states with a given value J (in our case, J = % for the *1;5 /2 ground multiplet),
the main values of the hyperfine splitting tensor A and of the g-tensor are connected as follow:

Av/8x=Ay/8y = Az/8: = AJ/8s (3)

where g is the Landé factor and A is the constant of magnetic hyperfine interaction for the
free Er’* ion.

In our case, this ratio executes well: Ajg./A%g, = 1. This testifies that an admixture of
higher-lying multiplets of the Er’* ions is absent. Indeed, according to [12—14], the energy
interval between the ground multiplet s /2 and nearest excited multiplet s /2 18 equal to



EPR spectra of Er3* in the monoclinic KY(WOj)> crystal 5117

6600 cm~!. The signs of the A, and A, tensors and the accuracy of finding A, were also
determined (table 1) using the above correlations and taking into account that A; < 0 [15].

The symmetry of the Er** EPR spectra allow us to suppose that a doping ion can replace
the Y3* ion in the KY(WO,), lattice. The large difference between the ionic radii of K*
(1.33 A) and Er** (0.89 A) renders replacement of the K* site by the Er®* ion impossible (the
jonic radius of Y?* is 0.92 A). Additionally, in the case of the replacement of the K* site by the
Er3* ion, it should be compensated by two excess charges. As a result, a non-equivalent EPR
spectrum should appear. However, additional EPR lines in our experiment are not observed.
These facts indicate that Er** ions replace the Y** ions only.

4. Temperature dependence of the linewidth

The linewidth of EPR spectra (A B, the peak-to-peak width of the absorption derivative) is
anisotropic, namely A B is equal to 0.37 and 1.96 mT for the z- and y-directions, respectively.
Because of the small concentration of Er**in the crystal, the linewidth cannot be due to the spin—
spin interactions only and is induced rather by a distribution of the crystal field parameters due
to lattice defects. The low-symmetry crystal field acting on the paramagnetic ion is responsible
for the strong anisotropy of the g-factors. The angular dependence of the spectrum near the z-
direction is weak, in contrast to its very strong dependence near the y-direction. The linewidth
along the y-direction is larger than that along the z-direction by a factor of about four.

All rare-earth ions (except Gd** with orbital momentum L = 0) are strongly associated
with lattice vibrations. Therefore, observation of EPR spectra is only possible at low
temperatures. In our case, EPR was observed only at 7 < 40 K. Above 40 K, the linewidth
is so large that it is not possible to observe the EPR line. The EPR linewidth measurements
were performed in the z- and y-directions. A spin—phonon contribution to the total linewidth
(AByp) is calculated using the following formula:

ABy, = AB — ABy) “4)

where AB is the total linewidth and A By is the linewidth at liquid helium temperature.

The temperature dependence of the spin—phonon part of the EPR linewidth is presented
in figure 4. The solid curve represents the fitting of experimental data using two exponents.
This indicates the occurrence of two exponential processes of spin—lattice relaxation through
excited levels (the Orbach processes). Using the known formula [16]

T, ' =14 x10'7gABy, 3)

where T is the spin—lattice relaxation time (in seconds), the relaxation time can be expressed
as

T, = 1.1 x 10" exp(— Wi /kT) +5.74 x 10" exp(—Wa/kT) (6)

where W; = 36 cm™! and W, = 84 cm™! are the fitting parameters.

Spin—lattice relaxation is a complex phenomenon and can run through different processes,
including the one-phonon and Raman two-phonon processes. However, in our case Orbach
processes are predominant and run through the two doublet excited energy levels nearest to
the ground state. The W; and W, values, obtained from analysis of the Er** ion’s optical
spectra, are close to these. According to optical spectroscopy data [12—14], the multiplet
41152 is split into eight Kramer’s doublets with the following energy level positions: 0, 35, 77,
127, 169, 275, 343 and 361 cm~'. The W, and W, values are in satisfactory agreement with
spectroscopy data, taking into account that the experimental error in determining the energy
intervals between excited levels through the change in linewidth is about -3 cm .
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Figure 4. The temperature dependence of the EPR linewidth of even-isotope Er** along the
y-direction (B || C3).

5. Temperature dependence of the g-factor

In parallel with the increase in EPR linewidth as the temperature is increased, the resonance
fields are shifted towards higher fields in the z- and y-directions. This means that the
g-factor decreases. This phenomenon was first observed in the EPR spectra of the Dy**
ion [3]. Figure 5 presents the temperature dependences of the g.- and g,-factors, which
are nonlinear functions of temperature. To date, the temperature dependences of both the
g-factors and the hyperfine interactions for ions with frozen orbital momentum have been
studied. In this case, the interaction of ions with lattice vibrations are ineffective and the
EPR spectra and their dependence on temperature could be observed at room temperature and
above. Unlike the Fe group of ions, the spin—orbit interaction value for rare-earth ions is high.
As a result, rare-earth ions (except those with half-filled shells) interact strongly with lattice
vibrations and are characterized by a short spin—lattice relaxation time, while the EPR spectra
are usually not observable at temperatures higher than 30-40 K. The theory of the temperature
dependence of the spin-Hamiltonian parameters (including the hyperfine interactions) was
developed in [17, 18]. It has been shown that this effect is related to the dynamic spin-
Hamiltonian, which should be rotationally invariant. Generally, the temperature dependence
of the spin-Hamiltonian parameters arises due to an anharmonic part of the spin—phonon
Hamiltonian as well as the rotational contribution to the dynamic spin-Hamiltonian. Within
the frame of the model that has been developed, the temperature dependence of the g-factor
arises, assuming that the spin—phonon interaction is described by the following Hamiltonian:
Hg, = Z FijuSiHEy @)
ijkl

where Fjji is the magnetoelastic tensor and Ej; is the finite strain tensor.

In the Debye model, the temperature dependence of the g-factor is proportional to [17, 18]

0/T x3dx

T f ®)
0 er — 1

where x = hv/kT, h is the Plank constant, v is the phonon frequency, k is the Boltzmann

constant, and 6 is the Debye temperature. Since the 6 temperature in the crystals studied is high
(about 280 K) [19], the factor of T* is practically temperature independent in the temperature
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Figure 5. The temperature dependence of the g - and gy-factors. The points are experimental data
and the solid line represents the theoretical curve, according to equation (8).

region investigated (i.e. below 30 K). The excited states of the rare-earth ion give a negligible
contribution to the temperature shift of the EPR line. In figure 5, the solid lines present the
fitting curve proportional to 7#. One can see that the calculated curves are in good agreement
with the experimentally observed temperature dependences of the g-factor.

6. Conclusions

The EPR spectrum of the Er** ion that partially substitutes the diamagnetic Y>* ion in
KY(WQy), is found to be strongly anisotropic. The values of both the g-tensor and the
hyperfine interaction parameters along different crystallographic axes differ strongly. The
strong anisotropy is responsible for both the ‘wave’ angular dependence of the hyperfine
structure near to the C2 axis and the non-equidistance of the hyperfine lines for this orientation.

The spin—phonon broadening of the EPR line with increasing temperature is associated
with relaxation processes (namely Orbach processes) through the two doublet excited states
nearest to the ground state. The energy levels determined using the temperature dependence
of the EPR linewidth are close to the data obtained from optical spectroscopy.

The main x- and z-axes of the g-tensor in the ac plane were determined. Their directions
do not coincide with the crystallographic a- and c-axes, respectively, and differ from the
analogous directions of the x- and z-axes for the Dy>* ion [3]. For the Er** ion, the angles
between the magnetic and crystallographic axes are larger than those for the Dy** ion [3].

The temperature dependence of the g-factors is caused by an anharmonic part of the
spin—phonon Hamiltonian as well as by the rotational contribution to this Hamiltonian. A
spin—lattice relaxation is shown to result from two Orbach processes through the first and
second excited levels of an electronic spectrum.
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