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a b s t r a c t

The paramagnetic center of tetragonal symmetry formed by the Yb3þ ion in the KZnF3 crystal has been
studied using methods of EPR, ENDOR and optical spectroscopy. The location of the impurity ion and the
structural model of the complex differing from the model of the Yb3þ center in KMgF3 have been es-
tablished. The empirical scheme of the energy levels of the Yb3þ ion has been found. The parameters of
its interaction with the crystal electrostatic field and the hyperfine interaction with ligands of the nearest
environment have been determined. The parameters of the crystal field were used for the analysis of the
distortions of the crystal lattice in the vicinity of Yb3þ . The parameters of the transferred hyperfine
interaction have been calculated for the distances between Yb3þ and F� ions of the nearest environment
obtained taking into account the found distortions. They are in good agreement with the experimental
values.

& 2014 Published by Elsevier Ltd.

1. Introduction

The composition of crystals of double fluorides (Ме Ме+ + −F2
3) with

the perovskite-type structure is more complicated than that of, e.g.,
widely used matrices of the homologous series of fluorite ( + −Me F2

2 ).
The high cubic symmetry and a wide variety of physicochemical
properties make the study of impurity crystals of double fluorides
interesting both from the theoretical and practical point of view.

Using rare-earth (RE) elements as probes makes perovskites
useful subjects for studying the behavior of RE ions located in two
different positions in the crystal: either in the а-type sites in the
environment of the octahedron of six fluorine ions or in b-type
sites in the coordination of the same 12 ligands.

However, the introduction of trivalent RE ions in perovskite
structures is hampered, on the one hand, by the considerable
difference of sizes of RE ions and lattice cations, and on the other
hand, by the ion valence of the substitution.

In [1] we presented the results of the detailed study of the
tetragonal paramagnetic center of the Yb3þ ion in the KMgF3
crystal using electron paramagnetic resonance (EPR), electron-
nuclear double resonance (ENDOR) and optical spectroscopy.
These results showed conclusively that the tetragonal center is

formed during the incorporation of Yb3þ in the octahedral posi-
tions of Mg2þ ions, and not as a result of substituting univalent Kþ

ions surrounded by 12 fluorine ions, as it was supposed earlier in
[2,3]. The excessive positive charge is compensated by the non-
magnetic oxygen ion O2� , which substitutes one of fluorine ions in
the octahedron of the nearest environment of the Yb3þ ion. One
could expect that a similar center would exist in the KZnF3 crystal,
the structural parameters of which (ao

KZnF3¼0.4040 nm) almost

coincide with those of the KMgF3 crystal (ao
KMgF3¼0.3987 nm).

However, this is not the case in reality. It was found that the tet-
ragonal symmetry center of the Yb3þ ion in KZnF3 is formed only
upon doping with YbF3 fluoride and metal lithium. In this work we
present the results of the experimental and theoretical study of
such Yb3þ ion centers in the KZnF3 crystal using methods of EPR,
ENDOR and optical spectroscopy.

2. Experimental results

Samples KZnF3:Yb were grown using the Bridgman–Stock-
barger method in graphite crucibles in fluorine atmosphere.
Crystals were activated by introducing 0.5–1.5 wt% YbF3 in the
charge with the addition of metallic lithium in specific cases. EPR
and ENDOR experiments were carried out on modified X-band
(9.5 GHz) ERS-231 (Germany) [4] and custom-built EPR/ENDOR
X-band spectrometers (see, e.g., [5]) at the temperatures of 4.2 and
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6–8 K, and optical spectra were measured on a home-built mul-
tifunctional optical spectrometer [6] at 2, 77 and 300К. Three
types of the paramagnetic center Yb3þ located in the structurally
non-equivalent positions were singled out in KZnF3:Yb3þ (Tcub) of
the cubic symmetry, Yb3þ (Ttrig) consisting of four magnetically
non-equivalent complexes of the trigonal symmetry, and Yb3þ

(Ttet) consisting of three magnetically non-equivalent complexes of
the tetragonal symmetry. As it was noted above, Yb3þ (Ttet) in
KZnF3, in contrast to KMgF3 [1], is formed only, when metallic li-
thium is introduced into the charge. The ENDOR spectrum of Yb3þ

(Ttet) showed lines, which were identified as lines of fluorine and
lithium ions (Fig. 1). The intensity of the ENDOR lines has the
maximum value, when the constant magnetic field Н is directed
along the main crystallographic directions of the crystal, and de-
creases considerably at the deviation from them. The angular de-
pendence of the ENDOR spectra in the (001) plane was studied in
order to exactly identify the ENDOR lines according to their be-
longing to certain F� and Liþ . Fig. 2 shows the plot of the angular
dependence of these lines. It was established from the angular
dependence of the ENDOR lines that Yb3þ is in the center of a
regular octahedron, i.e., substitutes Zn2þ , and the local compen-
sation of the additional positive charge is performed by the re-
placement of one of the Zn2þ ions of the nearest environment by a
lithium ion. The inset in Fig. 2 shows a fragment of the crystal
lattice KZnF3 with positions of the interstitial ion and ion-com-
pensator. The complex [YbF6]3� is characterized by the symmetry
С4v and the absence of an inversion center. The local symmetry of
F1,6 and Liþ ions is С4v,, and that of each of F2,3,4,5 ions is Cs. The
spin Hamiltonian of the described system has the form:

∑β β= + −( )g A gHS S I HI ,
(1)i

m
i i

n
i

n
i( ) ( ) ( ) ( )

where S¼ IF¼1/2, I7Li¼3/2, gn¼5.525454 (2.1707) for 19F� (7Li), Am
i( )

is the five-component tensor of the transferred hyperfine interac-
tion (THFI) for F2,3,4,5 and two-component tensor for F1,6 and Li, i
labels the ligands, m labels the tensor components (1–5). Since the
quadrupole moment of Li is small (Q ∼0) and the coupling between
Liþ and Yb3þ is mainly due to the dipole–dipole interaction, instead
of six ENDOR lines (sum and difference ENDOR lithium lines) only
two are observed. Expressions for the frequencies of the ENDOR
transitions are similar to those, which were used in ENDOR ex-
periments of the tetragonal Yb3 center in KMgF3 [1].

Experimental values of the THFI parameters are given in
Table 1. The obtained THFI parameters are compared with the

parameters of cubic centers [7] in the following manner. It is

known that β^ = ^ ^B h g A( / ) is a true tensor unlike Â, and that any
asymmetric second-rank tensor can be decomposed into a sym-
metric and asymmetric parts. Using corresponding transforma-
tions, from the symmetric part one can single out a part called in
the following β β β= + +⊥ ⊥ ∥B hA g hA g hA g(1/3)( / / / )s 1 2 3 which re-
presents the isotropic (purely covalent regardless of the dipole–
dipole interaction) contribution to the THFI. When comparing the
Bs values from the three sets of F1, F6 and F2–5 with the corre-
sponding Bs from the cubic center Yb3þ (Table 1), it is seen that
the parameters of F2–5 ions almost coincide with the purely
covalent contribution (with distances due to the deformation) of

Fig. 1. ENDOR spectrum of Yb3þ (Ttet) in KZnF3 at Н || С4. The positions of the
Larmor frequency of lithium and fluorine are denoted by arrows. H¼725 mT
(g||¼0.922), T¼4.2 K.

Fig. 2. Angular dependence of ENDOR lines of fluorine and lithium ions for Yb3þ

(Ttet) in KZnF3 during the rotation of the magnetic field Н in the (001) plane.
ν¼9.355 GHz, Т¼4.2 K. ● – experimental points; 1–6 – numbering of F� ions
corresponding to the notations in the inset; calculated lines: solid and dashed
(summary and difference ENDOR frequencies, respectively) on the basis of data in
Table 1, dash-dotted – Larmor frequencies of 19F and 7Li nuclei. Inset – structural
model of Yb3þ (Ttet).

Table 1

Experimental values of the THFI parameters Am
i( )(in MHz) and Bs (in 10�4 T) of the

Yb3þ ion with the first fluorine shell and the Li ion in KZnF3. 1–6 – F� labels
corresponding to the notations in the structural model of KZnF3 (Fig. 1). The results
for the cubic Yb3þcenter in KZnF3 [7] are given for comparison.

Tetragonal Cubic

F2–5 F1 F6 Liþ F1–6

A1 29.80 (3) 47.05 (2) 34.53 (2) 0.730 (10) 29.030
A2 3.63 (3)
A3 16.42 (3) 36.64 (2) 30.52 (2) �0.305 (10) 11.136
A4 0.9 (1)
A5 0.9 (1)
Bs 6.53 15.90 12.61 0.02 6.38
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