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Abstract. Single crystals of YE grown by the Czochralski method have been investigated by
electron paramagnetic resonance (EPR). In this paper we present an EPR analysis of resfdual Gd
impurities. We found that the Gél rare-earth ion substitutes foRYin YF3. Detailed analysis of

the EPR spectra allowed us to determine the fine structure parameters‘oinGdonoclinic G

site symmetry. The EPR angular dependence is dominated by the electronic quadrupole tensor;
the g-factor is slightly axial. Thézg parameter found for GH in YF3 is unexpectedly high when
compared to Gt in the hosts of Lag structure where the coordination number is the same. The
results let us conclude that ¥ks a promising laser host crystal.

1. Introduction

Itis well known that fluoride materials can be used as active media for tunable solid state lasers.
In particular lithium yttrium fluoride LiY R and potassium yttrium fluoride KaF1o doped with
rare-earth ions or transition metals are used for applications in this field. It seems that yttrium
fluoride YF; could be also a laser material [1]. In this work we report on the growth and the
characterization of Czochralski-grown Y8&ingle crystals by electron paramagnetic resonance
(EPR). In the EPR spectra at room temperature residudl i@gpurities have been observed.

To our knowledge, no EPR experiment has been reported 6hiG&'F3 previously. From

the technological point of view the EPR experiments are interesting, since a large value of the
bg fine structure parameter indicates that the material in investigation is a promising laser host
crystal [2-4]. Recently, it has been shown that Nd isYiRs an interesting vacuum ultraviolet
fluorescence spectrum [5].

2. Experiment

The growth of single crystals of Yfby the Czochralski method is impossible directly from

the melt at 1435 K. The reason is a drastic high temperature phase transition at about 1350 K
known as thex—g transition from rhombohedral to orthorhombic symmetry. However, by a
special process using a mixture of 0.8zvdhd 0.2 LiF large single crystals of ¥®ere grown

directly in the-phase, at 1060C [6]. The orthorhombic Yk crystals are non-hygroscopic

and colourless under normal conditions essential for use as active laser materials. More details
of the growing procedure can be found elsewhere [6].
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Figure 1. The coordination of Y in YE. The plane defined by the three F1 is the mirror plane

YF3 at room temperature exhibits an orthorhombic structure with space @tougD35)
with four molecules per unit cell [6, 7]. It is known as tHeYF3 type with lattice parameters
[7]: ao = 6.3537 A,bg = 6.8545 A, ¢y = 4.3953 A, a slightly distorted Lafhexagonal
lattice. In this structure, each®Yion is surrounded by eight fluorine ions at similar distances
and with a ninth fluorine at a greater distance as shown in figure 1. The plane defined by the
three fluorine F1 corresponds to the mirror plaae Six of the nine fluorine ions (F2 type) are
at the corners of an irregular trigonal prism with a yttrium in the centre. The three fluorine F1
are in front of the three lateral faces of this trigonal prism, so that the coordination polyhedron
has the shape of a tricapped prism. These polyhedra form cycles of six prisms; four of them
share faces while the others are linked by edges.

For the EPR experiments samples of dimensions»oR3« 5 mn? have been cut with the
faces normaltothe crystallographic axes using the cleavage plane (100). The orientations of the
crystals have been confirmed by the Laue x-ray analysis. EPR spectra were recorded at room
temperature using a spectrometer equipped with a cylindrical cavity (Bruker) operating at a
microwave frequency of approximately 9.38 GHz with the common 100 kHz field modulation
and lock-in detection. A Varian magnetwith nine inch pole pieces was used to provide magnetic
fields up to 8.5 kG. The field strength was controlled by a proton nuclear magnetic resonance
probe. The low temperature experiments have been done with a liquid helium flux cryosystem
(Oxford). The EPR spectra were measured for rotations of the crystal in all three orthorhombic
planes b, ac, bc).

3. Experimental results

Figure 2 shows the X-band EPR spectrum of & $lgle crystal forB||b measured at room
temperature with a microwave frequency of 9.38 GHz. The spectrum consists of seven EPR
lines with unequal intensities consistent with the spectrum expected for an impurity with
S = 7/2 split by the fine structure. The EPR lines correspond #ds = +1 transitions. The
spectra were recorded even at room temperature indicating a fairly large spin—lattice relaxation
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Figure 2. EPR spectrum of Gt in a single crystal Y& (solid line) obtained fo3||b measured
at room temperature and 9.38 GHz together with a computer simulation (dotted line).
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Figure 3. Angular variation of the X-band EPR spectra in theplane for Gd* in a YFs single
crystal at room temperatur@. = 0° corresponds te andd = 90° to a. The solid and dotted
lines are fitted curves that connect data points from the same tranaifibn = +1 for two set
of magnetically inequivalent ions. They are related by a rotation of I2this plane. The chain
lines belong to non-allowed transitions of typeMs| > 2

time. The EPR line widths at room temperature are about 10 G. All these observations
are consistent with the rare-earth ion¥5d The ground state of G is (4f7) 887/2. In a
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Figure 4. Angular variation of theX-band EPR spectra in thé plane for Gd* in a YFs single

crystal at room temperature. The solid lines are fitted curves that connect data points from the same
transitionAMg = +1 for two set of equivalent iong? = 0° andd = 90° correspond ta andb

axes, respectively. The chain lines belong to non-allowed transitions of Njdg| > 2.

crystalline field, the eightfold degeneracy is partly removed owing to the admixture with
higher states resulting in a set of four twofold levels [8, 9]. For a low symmetry case like YF
the degeneracy is totally removed, leading to seven fine structure EPR lines. The gadolinium
may come from traces in the raw materiglQ%, which had a purity of 99.999% [6]. From our
EPR measurements in comparison with a standard sample we estimate the Gd concentration,
however, to be two orders of magnitude less (abodt tth—3).

The angular variation of the EPR spectra indlagolane fromp = 0° to6 = 90° is shown
in figure 3. Inthe figure the dots correspond to EPR line positions and the solid and dotted lines
to a computer analysis using an appropriate spin Hamiltonian for the symmetry of the yttrium
site in the YR crystal structure, which is described below. The two spectra (dotted lines and
solid lines) correspond to two magnetically inequivalent Gd sites and belong to transitions of
type AMg = +1. The chain lines are related to non-allowed transitions of tyod| > 2.
The high field EPR lines were difficult to analyse because their intensities diminish rapidly
with the angular variation. Figure 4 shows the angular variation of the EPR spectrauih the
plane fromd = 0° to & = 90°. For B along the crystallographic axts(¢ = 90°) seven fine
structure lines are observed (see also figure 2). When rotating the crystakih phene, the
seven fine structure lines split into doublets. The splitting of the EPR lines into doublets is
discussed below.

4. Discussion

The spin Hamiltonian consistent with &din the crystal structure of YFin the notation of
Abragam and Bleaney [10] is as follows:

Lo 1 1 1
H=BHES+ by oy + Zproy+ = og (1)
m:O,X:l:;.,:tZ 3 m:OZ::tZ,:I:4 60 m:O,:tXZ,;t4,:t6 1260
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Table 1. Values of the spin Hamiltonian parameters wgtfactor and fine structure parameters
b, (I =2 and 4,m| < I) expressed in GHz.

g =1984+0001 g, =1983+£0001 g, =1999+0.001
by = —1.992+0.003 b} = —0.036£0.006 b3 = 0.108+ 0.003
byl =-043+002  b,2=0.003+ 0.003

b3 = 0.0019+0.0009 b2 = —0.0594+0.003 57 = 0.053- 0.003
by% = —0.008+0.006 b, * = —0.005+ 0.005

with § = 7/2. The first then is the Zeeman term which describes the interaction between the
electron spinS and the applied external magnetic fid®] the remaining terms relate to the
splitting of the electronic levels in zero magnetic field. The spin oper@frare functions of
degred of the angular momentum operaty, S+ andS_ called the Stevens operators [11].
They transform like the symmetry operations of the point symmetry of the site of the rare-earth
ion. Thed!" are empirical coefficients to be determined by experiment.

The parameters of the spin Hamiltonian were evaluated by fitting simultaneously the line
positions of all clearly resolved lines, both in the andab planes. An exact diagonalization
in combination with a least-squares-fitting procedure in which all resonant EPR line positions,
obtained for several orientations of the external magnetic field, were fitted. We have performed
three types of fitting: with (i) alb", I = 2, 4, 6; (ii) ", I = 2, 4; (iii) b}", I = 2. This was
done in order to see how important the higher-order paraméfefg = 4, 6) are for the
EPR analysis. The root mean sum of squares of weighted differences between observed and
calculated line positions (RMSD) for the fittings (i), (i) and (iii) are 60, 61 and 107 MHz,
respectively. Therefore, the higher-order paraméigraith I = 4 significantly improve the
RMSD; howeverp;" with I = 6 is negligible. The values of the-factor and the parameters
for all " (I = 2 and 4,|m| < [) are shown in table 1 with the values expressed in GHz.
From these values it is clear that the shape of the EPR angular dependence is dominated by
the electronic quadrupole tensor. The absolute sigris @indb? were found in the usual
way by observing the relative intensities of the EPR lines as a function of temperature [12].
From the measurements at 30 K we found thats negative. The" values we found are
unigue for monoclinic site symmetry (see for example the discussion by McGavin, table 4
[13]). The values do not change when using another axis system, only the signif the
values are inverted.

The EPR spectra indicate that theXGdnters substitutionally into the yttrium site, which
has monoclinic point symmetrysqsee figure 1). Figure 5 shows the projection of a portion
of the YF; crystal structure in thec plane. The principal axe¥ and Z of the electronic
guadrupole tensor, which is dominant, are rotated biyiB@elation to the crystallographic
axesa andc, respectively. From the EPR angular dependence (figure 3) the principa axis
of one of the two magnetically inequivalent Gd sites is found at 30°, where the splitting
of the EPR lines is largest. Thé-axis is chosen perpendicular #in the mirror planeic.
Consequently, th&-axis is coincident with the crystallographic a%isThe principal axisZ
of the other magnetically inequivalent Gd ion is found simply by rotation of Etut the
Y-axis (figure 5). The principal axis of thetensor accompanying the principal axis of the
electronic quadrupole tensor. It is interesting to note that its principal value is largest exactly
in the direction in which the distance between Gd and the fluorine neighbour is largest.

For monoclinic point symmetry we expect two independent values for the electronic
quadrupole tensol) and E or b3 andbZ, respectively, in its principal axis system. However,
in our experiment we have rotated the crystal about the crystallographic axes, which are not
coincident with the principal axes of the electronic quadrupole tensor. Therefore, off-diagonal
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Figure 5. Projection of a portion of the unit cell of Y4on theac plane showing four sites of
physically equivalent ions. Two of them are magnetically inequivalent. The principalZazesl
X of the electronic quadrupole tensor are rotated by/f8@m the crystallographic axesandc,
respectively.

elements likeb; andb,* are present [13]. The ternbg?, b, andb,* are also expected and
presented in table 1. However, their values are small. For the EPR angular dependence in
theab plane (figure 4) we observe seven lines Boparallel to theb axis. The lines split in
doublets when rotating the crystal in thkplane because two of the four physically equivalent
ions are magnetically inequivalent in pairs in this plane.

The results of the spin Hamiltonian parameters foPGd YF3 are compared to EPR
studies of Gd" in similar host crystals of type LaF Misraet al[14] have made an EPR study
of Gd®* doped single crystals of CgH_aF;, Pri; and NdFR. They have used the superposition
model [15] for the explication of the spin Hamiltonian parameters in these isomorphous hosts
with hexagonal structure (Lal: In this model the fine structure parameters are related with
intrinsic parameters of crystal structure and ionic radii. Taking into account the lack of data for
Gd®* in different YFR;-type lattices, it is difficult to find intrinsic parameters from this model.
However, theb3 value we have found is about three times larger than that for the hosts studied
by Misraet al [14]. The coordination number of the gadolinium site is nine for both series;
nevertheless the mean distance to nearest-neighbour ligands of the paramagnetic ion is only
about five per cent smaller in F Therefore, theb9 value is unexpectedly high. Further
theoretical treatments are under way to understand the interaction of fedBdwith its
environment. The appearance of #ieandb,* Stevens parameters can be explained by the
fact that the rotation of the crystal was done in the crystallographic crystal system which is not
coincident with the principal axis system. However, a small local distortion cannot be ruled
out. Electron nuclear double resonance investigations (ENDOR) were tried to give a better
understanding of the local structure of the Gd site by the investigation of the fluorine neighbour
interactions. The super-hyperfine structure (SHF) of the fluorine is hidden in the line widths
of the Gd fine structure lines. The results of the ENDOR investigations will be discussed in a
further publication.
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5. Conclusion

Our EPR measurements show that thé Gdre-earth ion substitutes foPYin YF3. Detailed
analysis of the EPR spectra allowed us to determine the fine structure parametefs of Gd
monoclinic G symmetry. Theb parameter found for G in YF3 is unexpectedly high when
compared to Gd in the LaFstructure and is of the same order as of that fof'Ga LiYF 4,
which is known as commercial laser material. For that reasonddped with rare-earth or
transition-metal ions could be also a promising laser host material.
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