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Abstract. An X-band electron paramagnetic resonance stadykaof Dy3* ions in B;Ge; 012

single crystals is reported. The spectra have been attributed to a unique centré db&ated

at the BP* site. The spin-Hamiltonian parameters have been determined for the even isotopes
of Dy, as well as for the isotope¥$'Dy and 16%Dy. Moreover, a detaile¢-factor analysis

has been carried out by obtaining the ground doublet wavefunction. To this purpose, we have
employed an interpolated set of crystal-fidlft parameters for DY which was estimated from

the fitted B sets of Nd* and EF* in Bi4GesOs2. It is found that the interpolated set yields

a satisfactory approach to the experimergtdhctor values, which makes it feasible to predict

the energy-level scheme for the ground maniféitis;> of Dy3* in this host.

1. Introduction

Single crystals of BjGe;0;, (or BGO) have primarily been of interest as particle scintillation
detectors since they present a highly efficient luminescence [1]. Also, BGO has attracted at-
tention owing to its applications in non-linear optical devices [2, 3] and is known to be a good
candidate for making low-loss Heimplanted waveguides [4]. In addition, BGO is a poten-
tial solid state laser host when activated with trivalent rare-earth (RE) ions, in bulk [5-7] and
waveguide structures [4]. One attractive aspect of rare-earth BGO laser systems is the pos-
sibility of enhanced pumping of the active ions through host absorption and energy transfer,
where constituent Bt ions act as effective luminescence sensitizers for some RE ions [8, 9].
As with any laser crystal, determination of the crystal-field (CF) energy levels of the
active ion in BGO is the first stage of study to gain a better understanding of the physics
of the stimulated-emission processes. To this purpose, Kamieskii [5-7] carried out
extensive investigations on several RE ions in BGO by optical spectroscopy and obtained
the energy level schemes of &td[5], Er**, Yb®* [6] and PF* [7] in this host. The second
stage of study implies determining the point symmetry group of the site occupied by the
RE ion and the symmetry properties of the energy-level wavefunctions. At this point one
must consider the crystal structure of;8i;0,,, which belongs to the cubic space group
143d [6,10]. In this lattice, each G& ion has $ site symmetry and is coordinated by
four oxygen ions arranged in a tetrahedron slightly distorted alofi@ crystal direction,
whereas each Bf ion is coordinated by six oxygen ions in a site with §/mmetry; in this
case the distortion and the corresponding threefold axis take place aldrig)adirection
of the cubic cell.
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For the BGO laser host Morrison and Leavitt [11] have analysed the energy-level
structure for E¥t and N&* by fitting the experimental data with the appropriate sets of
crystal-field B parameters and assuming @oint symmetry. In that work [11] sets of
‘smoothed’ B! parameters for the entire lanthanide series are also provided, which have
been estimated from the fitteB” sets for Nd* and EF* in BGO. We have recently
tested [12] the ‘smoothed’ set for ¥ given in [11] and found that it gives a rough but
satisfactory approach to the experimental crystal-field levels obtained in [6f-dadtor
values measured in [12] by means of the electron paramagnetic resonance (EPR) technique.

The EPR technique has been particularly useful to determine the location, and then the
site symmetry, of the RE ions &t [13], Er** [14], Nd®** [15] and YB** [12] in BGO, as
well as to investigate the physical properties of their ground state by correlating the EPR and
optical results [12, 14, 15]. All investigated RE ions have been found by EPR at the Bi
site (point symmetry ). This agrees with the assumption in the work of Morrison and
Leavitt [11], since the energy-level schemes of'Eand N&* are satisfactorily explained
by means of a CF Hamiltonian forsGymmetry.

From the quoted results for several RE ions in BGO, one would expect that the laser
ion Dy3* [16] also occupies the Bf site. This is confirmed in the present work by means
of the EPR technique. Moreover, the spin-Hamiltonian parameters &t DyBGO are
determined and the experimentaifactor values are analysed by means of crystal-field
theory. Itis found here that the ‘smoothel” set given in [11] for Dy* gives calculated
g-factor values very close to the experimental ones, with better agreement than3for Yb
[12] as mentioned above. In view of the consistent results and taking into account that
the energy-level scheme for the ground manif@i+dl5/2 of Dy3* in BGO, as well as the
symmetry properties of the corresponding wavefunctions, are not available in the literature,
we have also employed the ‘smoothed’ set to predict them.

2. Experiment

Single crystals of BGO have been grown from the melt by the Czochralski technique. Details
of the growth procedure have been given elsewhere [6x1® molar concentration of

Dy impurities was added to the starting growth materials, so that a concentration of about
0.8% in the crystals is expected from the effective distribution coefficient of Dy in BGO
[6]. From the boule obtained, a sample of 2 mm mmx 6 mm was cut and oriented by
taking a number of Laue x-ray diffraction patterns.

A Bruker ESP 300 E X-band spectrometer with field modulation of 100 kHz was
used to record the EPR spectra. The temperature of the sample was controlled by means
of a continuous-flow liquid-helium cryostat (Oxford Instruments ESR 900). Accurate
values of the resonance magnetic fields and microwave frequencies were measured with
a NMR gaussmeter (Bruker ER 035 M) and a frequency meter (Hewlett—Packard 5342A),
respectively. The sample was mounted on a goniometer for measurements of the angular
variation of the EPR spectra.

3. Results

The EPR spectrum of Dy-doped BGO crystals has been meastiredKaand consists

of a maximum of four groups of lines. Each group is formed by an intense central line
surrounded by various weaker components, as observed in figure 1 for the EPR spectrum
obtained with the magnetic fielB parallel to a(100) crystal direction. For this orientation
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of B the four groups have collapsed into a single one. It is observed that the components
and the intense central line undergo similar splittings as the orientatid® wfth respect

to the crystal axes of BGO is changed. Therefore, we attribute the weaker components to
‘allowed’ hyperfine transitions (witthm = 0, wherem is the nuclear magnetic quantum
number) which arise from the odd isotopes of dysprositfitDy and 53Dy, both having
nuclear spin/ = 5/2. Thus, the intense central line comes from the even isotopes with
I = 0. This assignment will be confirmed from the experimental hyperfine parameters for
both isotopes, which are determined below.

BGO:Dy3*, 5K B // (100)

EPR signal (arb. u.)

0.4 0.6 0.8 1.0 1.2 1.4
Magnetic field (kG)

Figure 1. EPR spectrum of Dy-doped Bbe3O12 single crystals measured & K with the
magnetic fieldB parallel to a{100 crystal direction. Stick diagrams in the lower part of the
figure depict the resonance fields for the ‘allowed’ hyperfine transitior§'afy and 163Dy as
calculated with the parameters in table 1. All the lines are fourfold degenerate for this orientation
of B.

The angular dependence of the EPR spectrum has been studiglifimg in a {110}
crystal plane and has been plotted in figure 2. Wlilas rotated in this plane, each line
of the fourfold degenerate group (shown in figure 1 and in figure @ at 0°) splits and
moves as two single lines and one doubly degenerate line. This is evidenced by tilting the
sample out of that plane. The doubly degenerate lines are identified in figure 2 as those
taking extreme values of their resonance fields at the [001] and [110] orientations. For the
sake of clarity only the low-field region of the angular dependence is shown in figure 2.
Nevertheless, EPR lines strongly dependent on orientation were measured up to 13 kG for
orientations ofB close to the [111] crystal direction (dt = 54.74° in figure 2) where it
is expected they reach the absolute maximum value of the resonance field.

The EPR spectrum and its angular dependence are characteristic of a defect with effective
spin §" = 1/2 having axial symmetry along thd11) crystal directions. The four intense
central lines and their respective accompanying hyperfine groups observed for arbitrary
orientations of B are associated with the four magnetically inequivalent orientations of a
single dysprosium centre with axial symmetry along th#1) directions of the cubic lattice
of BGO. Therefore, the EPR spectra has been analysed by means of the following spin
Hamiltonian §' = 1/2 andl = 5/2):

H= g||HBBz§/Z + gLMB(BXS;( + BY~§;/) + Auslzfz + AL(S;(iX + §/yiy)- (1)
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Figure 2. Angular variation of the EPR spectrum of Dy-dopediB&012 measured at 5 K,

with B lying in a {110} crystal plane and forming an angie with the [001] direction. Big

circles and triangles show the experimental resonance positions of the even and odd isotope EPR
lines, respectively. The high-field region of the angular variation (up to 14 kG) has not been
included to better observe the hyperfine structure (see text). The calculated angular variation for
the even-isotope lines is plotted with thick continuous lines. Thin continuous and dashed lines
are used for the ‘allowedAm = 0 hyperfine transitions of®3Dy and 161Dy, respectively.

In this expressionX, Y and Z are the defect principal axeg, being chosen parallel to
a (111 direction. The parameters in the Zeeman and hyperfine structure terms have the
usual meaning. The full spin Hamiltonian is used to study'fBy and'3Dy resonances,
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whereas only the Zeeman part is necessary for the even-isotope lines. No quadrupole term
has been considered in equation (1) for the odd isotopes since it mainly affects the resonance
position of so-called ‘forbidden’ transitions (e.g. witkin = +1 or +2) [17], which are

not observed in the spectra.

The analysis of the EPR spectra has been carried out by numerical diagonalization of the
corresponding energy matrix for each isotope. Each matrix is constructed for a given set of
parameterg, g, Ay and A, and for different orientations of the defect axis with respect
to the magnetic field. In this way, accurate values for the resonance fields are calculated.
The values forg, andg,, given in table 1, are readily obtained from the positions of the
even-isotope lines. Note that the accuracy §piis low, which is due to the experimental
fact that the high-field lines (foB close to the [111] direction) become very broad. Ehe
andg, values are kept fixed in the analysis of the odd-isotope hyperfine components, and
the parametergl; and A, for each odd isotope are obtained from a least-squares method.
The best fits for the hyperfine components are reached with the parameter sets listed in
table 1.

Table 1. Spin-Hamiltonian parameters measured foPDyn BisGe3O1,. Signs forg; and A
are determined by theory (see text). Hyperfine parameters are given in units‘oerho?.

8l lgLl Isotope A [ALl

6lpy 1143 259+3
+04+01 9349+0.008
163Dy +16+4 370+2

It is worth noting that the sign fog, has been taken positive as follows from the
analysis of the ground state wavefunction of®Dycarried out in the next section. This
implies that the sign ford; must be taken negative fdf'Dy and positive for'®3Dy as
a consequence of the relatiot) /g, = A1/g1 = A, /g, [17], whereA; and g, are the
corresponding magnetic hyperfine constant and the &agnfctor for the ground level of
the free ion'%Dy3+ and%3Dy3*, respectively. On the other hand, only the absolute value
for g, and, consequently foA |, can be determined [17].

Using the parameter sets given in table 1, the resonance fields corresponding to the
four (111) orientations of the dysprosium defect in BGO have been calculated. The
theoretical angular variation has been plotted in figure 2 with thick continuous lines for
the even-isotope lines, whereas thin continuous and dashed lines are used for the sextets of
‘allowed’ hyperfine transitions of®*Dy and 6Dy, respectively. As observed in figure 2,
the agreement with experiment is very satisfactory.

4. Discussion and analysis

In order to confirm that we are dealing with Dy impurities in BGO, the experimental ratios
between the hyperfine constants of both isotopes are how compared to the ratio between
the corresponding nuclear magnetic moments=rom table 1 one obtain$34, /%14, =
—15+08 and?®®34, /1614, = —1.43+ 0.02, whereast®3./ %1 = —1.407, in good
agreement. Furthermore, the facts that the effective spii4s1/2 and the meag-value
is ¢ = (g + 2¢1)/3 = 6.37 indicate that dysprosium is in the trivalent state [17].

On the other hand, the observed axiality of the dysprosium defect alorigXhecrystal
directions can be explained assuming thaf Dgubstitutes for Bif, because only the Bf
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sites have such symmetry, as mentioned in section 1. Thus, this result confirms the location
of Dy3t in BGO, in agreement with the proposal of Kaminséiial [6] and Morrison and
Leavitt [11].

4.1. Analysis of g-factor values

The electronic configuration of By is 41 with a free-ion ground Ievé|H15/2 in the Russell-
Saunders notation. The ground level splits into eight Kramers’ doublets for crystal fields
whose symmetry is lower than cubic [18] (trigonal {0 the present case). In general, the
splitting is large enough so that only the lowest-lying doublet will be appreciably populated
at low temperatures. Thus, the observed EPR signals arise only from the ground doublet,
which has been described above by means of an effectiveSspinl/2 [19].

Theoretical principalg-values for a Kramers’ doublet can be calculated with the
following expressions [17,19]:

g = 2g (+1Jz1+)

R 2
g1 =gy {+Jyl-)

where g; is the Lan& g-factor for the ground Ieve?ng,/z of the free Dy* ion. The
wavefunctiong+) and|—) describe the two states of the Kramers’ doublet which are linear
combinations of M) states as a consequence of the crystal field. In our case, the threefold
nature of the crystal field will result in admixtures of states whtdevalues differ by+3.

In this way, the ground-doublet wavefunction will be associated with the crystal quantum
numbers eitheg = +£1/2 org = +3/2 [17,20]. From the analysis carried out below one
ascertains thag = +1/2, so that the doublet will be [14, 17]:

I4+) = a|+13/2) + b|+7/2) + c|+1/2) + d|—5/2) + e|—11/2)
|—) = —a*|—13/2) + b*|—7/2) — c*|=1/2) + d*|+5/2) — e*|+11/2)

where the coefficients, b, ¢, d ande are complex as a result of thes Bymmetry of the
site occupied by DY, and the asterisk] means the complex conjugate.

In order to obtain theoreticgl-factor values with equations (2) and (3), knowledge of the
five coefficients for the ground-doublet wavefunction is necessary. With this aim, th#6l6
crystal-field (CF) energy matrix for the grountd= 15/2 manifold of Dy** is constructed
using the operator equivalent technique [17, 19], as detailed in previous publications [14, 15].
The employed CF Hamiltonian is as follows:

Her =) By {(J1xa,17) O} @

n,m

®)

where é;f are the Stevens operator equivalents, and,|J) = o, Bory forn =2, 4
or 6, respectively, are the operator equivalent factors for the grduadl5/2 manifold of
Dy3* [17].

It must be noted that the approximation here used of considering only the ground
manifold of Dy** should be adequate to calculate #actor values, as follows from the
work of Elliott and Stevens [19]. These authors show that admixtures from other higher-
lying J manifolds may be neglected when the rdiipA, /g, A;| takes a value near 1. This
is fulfilled for Dy*+ in BGO, as the ratio calculated from the results in table 1 is 1.01 for
161Dy and 0.99 fort®3Dy.

The CF energy matrix associated with the Hamiltonian of equation (4) has been
constructed in theJ, M;) free-ion basis, with/ = 15/2, by using the ‘smoothed’ set
of B™ parameters for DY in BGO given by Morrison and Leavitt [11]. As explained in
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section 1, this set was estimated from those fitted fo?Nahd EF*. The employedB!”
parameters appropriate to the operator equivalent technique are shown in table 2. They have
been translated (see [14] and references therein) from those given in [11], where the tensor
operator technique [20] was used. Moreover, we have employed the following operator
equivalent factorsw = —0.6217x 1072, 8 = —0.5865x 107 andy = 0.9773x 10

[21] which take into account the deviation from Russell-Saunders (LS) coupling for. Dy

Table 2. ‘Smoothed’ crystal-field paramete® (cmt) for Dy3t in BisGesO1, translated
from [11] to Stevens operator equivalent normalization (see t&k@nd I stand for real and
imaginary parts, respectively. The ground-doublet coefficients ¢, d ande of equation (3) are
listed as calculated with the ‘smootheB)". The calculatec;-factor values are given together
with the predicted crystal-field levels of the grouﬁdls/z manifold and with the corresponding
crystal quantum numbey.

BY BY "B BS nBe SBg NBE B¢
—3855 —93.6 —4434 28.5 110.2 14.1 341.0 138.7
a b c d e
R —0.2135  0.5389 —0.5211 —0.5431 -0.3081
R} —0.0064 0.0355 —0.0009 0.0359 0.0018
Energy levels (cm?) 2l lgLl
0 32 78 202 328 403 469 671 +0.50 9.56
q 1/2 3/2 1/2 1/2 3/2 1/2 1/2 3/2

Numerical diagonalization of the resulting complex matrix provides the energy level
values for theJ = 15/2 ground manifold (table 2) as well as the corresponding wave-
functions, which are included in the table in terms of crystal quantum numbers. The values
for gy andg, given in table 2 are calculated using the ground-doublet wavefunction (also
given in the table) and the Ladds-factor g; = 1.323 which results after considering
deviations from LS coupling [22]. It is to be remarked that the calculated valug, flurns
out positive (e.g. see [14]). This determines the signsgfoand A, given in table 1, as
mentioned above.

As observed, the ‘smoothe®" parameters yield a good approach to the experimental
g-factor values (table 1), the differences found being about 2% taking into account
experimental errors. However, similar calculations carried out fof*Yim BGO [12]
produced differences between experimental and calculatedues of~20%. This is likely
related to the remark in [11] that the ‘smoothe®)" do not give an accurate representation
of the crystal-field splittings near the ends of the rare-earth series (Ce, Pr, Tm, Yb), but are
quite accurate otherwise.

On the other hand, the analysis of the experimeptfdctor values of EYt and N&*
carried out by Braveoet al [14, 15] has shown that the fitted sets Bf' parameters for
these ions should be corrected, particularly some sixth-@fik Therefore, one expects
that the ‘smoothed’ sets for the remaining lanthanide ions should be corrected too, since
they are obtained from the fitted sets foPEand N&*. So, the satisfactory results found
here using the ‘smoothed’ set for Blywould indicate that the faults in thB™" for Er¥*
and N&* compensate for DY via the smoothing method. In any case, since the faulty
sixth-rank B™ for Er*t and N&* hardly affected their CF energy-level values [14, 15],
the ‘smoothed’ set for DY should give a good approach not only to the ground-doublet
wavefunction as found here, but also to the energy-level scheme and symmetry properties
of the corresponding wavefunctions of Byin BGO. These data are predicted in table 2
for its ®Hys/, ground manifold.
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