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Abstract. ESR and ENDOR methods are used to characterize a new Mo5+–H centre with
C1 symmetry in reduced ZnWO4:Mo single crystals. Present ENDOR results also confirm
that for the recently reported W5+–H centre in UV- orγ -irradiated ZnWO4:Li crystal an
observed superhyperfine interaction results from a nearby hydrogen nucleus. Comparison of
spin-Hamiltonian parameters shows the similarity of Mo5+–H and W5+–H centres in ZnWO4
crystals.

1. Introduction

Zinc tungstate (ZnWO4) is known as a scintillator [1–3] and laser host [4] material. Besides
its practical application it is of interest to study the nature of point defects prior to and after
different treatments and irradiations. In addition to monovalent (Li and Na), divalent (Fe,
Mn, Cu, Co and Rh) and trivalent (Fe, Cr and Pt) impurity ions substituting for Zn2+,
where some of them cause optical absorption in the range of the intrinsic luminescence
decreasing light output, Mo6+ was shown to be a detrimental impurity because of its
disturbing luminescence and long decay time [5]. The presence of Mo as an impurity ion has
also been proved by electron spin resonance (ESR) studies; x-irradiation of undoped ZnWO4

crystals at 77 K initiated electron transfer to Mo6+ creating Mo5+ ions. These paramagnetic
colour centres were assigned to Mo5+ ions in C2 symmetry substituting probably for W6+

ions and preserving the normal lattice environment of the host ions [6]. Irradiation with
1.5 MeV electrons at 300 K produced, besides the intrinsic V·

O centre (electron trapped at
an oxygen vacancy) [7], an Mo-perturbed version of the V·

O(B) centre designated as the
V·O(B)MoW centre [8]. Recently in Li-doped ZnWO4, having a high substitutional OH−

impurity concentration, a W5+-type centre was found after illumination by UV light or
γ -radiation at 77 K. An ESR study of this centre indicated only C1 symmetry. Based on
one of the observed superhyperfine (SHF) interactions it was stated that probably a nearby
hydrogen caused the symmetry reduction; the centre was denoted as W5+–H [9].

The import of this work is to continue clarifying the structure of point defects in Li-
or Mo-doped ZnWO4 (enhancing the effect of Li and Mo impurities); particularly to verify
with ENDOR (electron nuclear double resonance) the presence of H in the structure of the

∗ Dedicated to Professor Georg Voelkel on the occasion of his 60th birthday.
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W5+–H centre, and to report ESR and ENDOR findings on a similar centre (Mo5+–H) in
reduced ZnWO4:Mo crystals.

2. Experimental methods and crystal structure

Single crystals of ZnWO4 were grown in air by a balance-controlled Czochralski technique
using Pt crucibles [10]. The raw materials were analytical grade ZnO (REANAL) and
WO3 chemically produced from analytical grade Na2WO4 [11]. The crystals were doped
by adding 10−3 mol mol−1 MoO3 or Li2CO3 powder to the melt. Thermal reduction was
performed in an argon atmosphere in the presence of carbon cotton at about 960◦C for 5
hours. X-irradiation was done with 150 kV and 20 mA for 1 h at 77 K. ESR andENDOR
measurements were carried out using a Bruker spectrometer model ESP 300 E. For fitting
the experimental data the computer program ‘VisualEPR’ by V Grachev was used.

Zinc tungstate is a monoclinic crystal and it has the space group C4
2h (P2/c) with two

formula units per unit cell [12]. The two zinc and the two tungsten ions in a unit cell are
magnetically equivalent having C2 local symmetry. Impurity centres at the Zn or W sites
without any nearby lattice defects will conserve the original C2 symmetry of the lattice
site giving only one ESR spectrum for an arbitrary orientation of the magnetic fieldB. If
the centre is accompanied by a nearby imperfection in the lattice, the local symmetry will
be reduced to C1. Then the number of spectra is increased to two according to the two
geometrically different defect sites (except forB orientations in the (010) plane or along
crystallographic axes for which orientations the two spectra are superposed).

3. Results and discussion

3.1. ENDOR ofW 5+–H centres

In the present investigation it turned out that the W5+–H centre (with C1 symmetry) which
was produced by UV illumination orγ -irradiation at 77 K [9] could also be created by
x-irradiation for 1 hour at this temperature. Its ESR spectrum consisted of main lines due to
centres with no W HF or SHF interactions and satellite lines due to one strong183W HF and
one weak183W SHF interaction. Also all of the main and satellite lines are doubled; this
effect was attributed to a perturbing hydrogen near the W5+ ion giving an H SHF interaction.
To confirm this interpretation ENDOR spectra on one of the main ESR lines were obtained
in this work. For SHF splittings smaller than the nuclear Zeeman interaction (such as in
the present example), in first order the two ENDOR lines corresponding toms = + 1

2 states
are centred around the Larmor frequency of the interacting nucleus. This mean frequency
is equal to 24.42 MHz forB along [100]. The measurement was made at 571.6 mT and
at this magnetic field the value of the hydrogen Larmor frequency is 24.34 MHz. The
agreement of the two frequencies proves directly that the disturbing nucleus near the W5+

is a hydrogen, indeed, as it was assumed in [9].
For determination of the spin-Hamiltonian parameters of the hydrogen SHF interaction,

angular variations of the ENDOR spectra were taken in four different planes. The spin
Hamiltonian employed was

Hs = µBS · g̃ ·B + S · ÃH · IH − gNµNB · IH (1)

whereS = 1
2, IH = 1

2 and ÃH represents the H SHF interaction tensor. The computer-
fitted spin-Hamiltonian parameters of the W5+–H centre with C1 symmetry are shown in
table 1. The angular variations of the ENDOR spectra of the H ions in three different
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Figure 1. ENDOR angular variations of the W5+–H centre in the ZnWO4:Li crystal (the
variations of only one geometrical site are presented). Observations were made at 12 K. Squares
represent experimental data and the solid curves are computer-simulated angular variations
calculated with the optimized spin-Hamiltonian parameters. The figures correspond toB along
(a) [001], [100] and [00̄1] directions for 0, 90 and 180◦, respectively; (b) [010], [100] and [01̄0]
directions for 0, 90 and 180◦, respectively; (c) [010], [001] and [01̄0] directions for 0, 90 and
180◦, respectively.

planes are shown in figure 1 (for only one geometrical site in each plane and the two
ENDOR curves correspond toms = ± 1

2 states) where squares represent experimental data
and the solid curves are computer-simulated angular variations calculated with the optimized
spin-Hamiltonian parameters.

3.2. ESR and ENDOR ofMo5+–H centres

A centre having C1 symmetry and closely resembling the above W5+–H centres was found
in the reduced ZnWO4:Mo crystal (in addition to the Mo5+ centre in C2 symmetry published
earlier [6]). Because of this similarity the new defect is denoted as the Mo5+–H centre.
This defect could not be produced by UV illumination at 77 K; however it was also present
in reducedundopedZnWO4. As mentioned in the introduction Mo was shown to be an
impurity in undoped ZnWO4 [5, 6]; therefore the appearance of Mo-related centres is not
surprising in undoped crystals.

The characteristic HF structure due to the electron interaction with the central Mo
nucleus enabled identification of the new centre as an Mo centre. Figure 2(a) shows the ESR
spectrum forB ‖ [100] where the two spectra due to the C1 symmetry coincide. Around
the main line group there are six smaller line groups typical for HF interactions with nuclear
spin I = 5

2. In fact the isotopes95Mo (abundance 15.72%) and97Mo (abundance 9.46%)
each haveI = 5

2. The magnetic moments of the two isotopes are not equivalent; therefore
one expects two sets of six lines. Most of the Mo ions correspond to isotopes withI = 0
(abundance 74.82%); hence they produce no sextet splittings but just contribute to the main
lines.

However, since as shown in figure 2(a) there is a doubling of the number of lines
discussed above, one can assume an SHF interaction due to an isotope withI = 1

2 (nearly
100% abundant). Since the splitting is small, the nucleus might be expected to be a hydrogen
(I = 1

2, abundance 99.98%) which is in the form of an OH− ion in the neighbourhood of
the central Mo ion. ENDOR study of this interaction proves that, similarly to the model
proposed for the W5+–H centre, the responsible nucleus is H. The mean frequency of the
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Ã
H
(S

H
F)

(M
H

z)

C
en

tr
e

g
x
x

g
y
y

g
z
z

A
x
x

A
y
y

A
z
z

A
x
x

A
y
y

A
z
z

A
x
x

A
y
y

A
z
z

R
ef

s.

1.
90

21
±

1.
82

50
±

1.
70

21
±

28
.2
±

32
.0
±

79
.8
±

22
.2
±

26
.0
±

30
.0
±

1.
8±

2.
9±

14
.8
±

0.
00

01
0.

00
01

0.
00

01
0.

1
0.

1
0.

1
0.

1
0.

1
0.

1
0.

3
0.

3
0.

3
th

is
M

o
5+

–H
0.

09
6

−0
.1

78
0.

97
9

0.
57

5
−0

.2
26

0.
78

6
0.

51
6

0.
85

0
0.

11
6

−0
.4

3
−0

.3
2

0.
85

w
or

k
0.

77
8

−0
.6

01
−0

.1
85

0.
75

7
−0

.2
17

−0
.6

16
0.

75
0
−0

.3
86

−0
.5

36
0.

89
−0

.3
0

0.
34

0.
62

1
0.

77
9

0.
08

1
0.

31
0

0.
95

0
0.

04
6
−0

.4
13

0.
35

9
−0

.8
37

0.
14

0.
90

0.
41

1.
49

11
±

1.
37

18
±

1.
15

13
±

58
.5
±

61
.3
±

14
8.

7±
5.

2±
6.

1±
14
.4
±

0.
00

05
0.

00
05

0.
00

05
2.

0
2.

0
2.

0
0.

3
0.

3
0.

3
[9

]
an

d
W

5+
–H

0.
16

3
−0

.2
82

0.
94

6
0.

52
−0

.1
8

0.
84

−0
.4

6
−0

.2
8

0.
85

th
is

0.
76

7
−0

.5
67

−0
.3

01
0.

81
−0

.2
0

−0
.5

4
0.

86
−0

.3
9

0.
33

w
or

k
0.

62
1

0.
77

4
0.

12
4

0.
26

0.
96

0.
04

0.
24

0.
88

0.
42

1.
81

95
1.

84
48

1.
93

18

V
· O
(B
)M

o W
0.

25
2

−0
.1

63
0.

95
4

[8
]

0.
96

7
0.

01
1

−0
.2

54
0.

03
1

0.
98

7
0.

16
0

1.
54

09
1.

57
10

1.
81

85

V
· O
(B
)

0.
23

6
−0

.1
05

0.
96

6
[7

]
0.

82
5

−0
.5

04
−0

.2
57

0.
51

3
0.

85
8

−0
.0

32



Paramagnetic Mo5+–H and W5+–H centres in ZnWO4 209

Figure 2. ESR spectrum of the Mo5+–H centre forB along [100] in the reduced ZnWO4:Mo
crystal (T = 35 K andν ∼ 9.44 GHz). (a)95Mo and 97Mo HF lines are indicated in the stick
diagram. The lines are further split into doublets by H SHF. (b) The central part of the previous
spectrum where only the two innermost Mo HF lines (due to95Mo and97Mo) are shown. These
lines and the H,183W and67Zn SHF splittings are indicated by stick diagrams.

ENDOR lines in the spectrum forB ‖ [100] is 16.91 MHz, while the H Larmor frequency
for the experimental magnetic field of 395.5 mT is 16.84 MHz. This close agreement again
proves the interacting nucleus as to be H.

Figure 2(b) shows the central part of the spectrum presented in figure 2(a). Here one
recognizes an SHF interaction with a183W isotope (I = 1

2, 14.3% abundant) resulting in the
doublet around each of the main lines; this is indicated by a stick diagram. The intensity
ratio of one of these lines to a main line is 1:12 as expected for183W (based on isotopic
abundancies). Due to the H SHF only one line of each W SHF doublet is resolved.
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Between the main lines and the innermost Mo HF lines on both sides beside the W SHF,
four lines of much weaker intensity are visible. These are attributed to SHF interaction with
a neighbouring ion of67Zn (I = 5

2, abundance 4.12%). This interpretation is illustrated by
the stick diagram in figure 2(b), where two six-line patterns are shown, which are separated
due to H SHF. The intensities of these Zn lines were too small to obtain their angular
variations.

For determination of the spin-Hamiltonian parameters of the Mo5+–H centre the angular
variations of the ESR and ENDOR spectra were obtained. The spin Hamiltonian employed
was

Hs = µBS · g̃ ·B +
∑

(S · Ãi · Ii − gNµNB · Ii ) (2)

wherei denotes in turn each interacting nucleus (Mo, H and W). The Mo HF and W SHF
interactions can be treated separately since they come from interactions withonenucleus of
non-zero nuclear spin. Because of the small natural abundancies of the Mo and W isotopes
with non-zero nuclear spins, the lines due to interactions withtwo nuclei of such Mo and W
isotopes should be 12 times smaller in intensity, and they were not observed. The doubling
of all lines due to the H SHF interaction can be overcome in the analysis by averaging
the corresponding two lines. In (2),S = 1

2; IMo(95) = 5
2; IW = IH = 1

2; ÃMo denotes

the HF tensor for95Mo (HF interaction with97Mo has been neglected); and̃AW and ÃH

are SHF tensors for W and H nuclei, respectively. The spin-Hamiltonian parameters were
determined by fitting the angular variations in four different planes. The average values
of the two central lines and the95Mo HF lines (also averaged for the H doubling) are
shown for one plane in figures 3(a) and 3(b), respectively. The angular variations of the H
SHF splittings determined by ENDOR are shown for three planes in figure 4. The best-fit
parameters of the Mo5+–H centre are given in table 1, in comparison with those of the
W5+–H centre.

Figure 3. ESR angular variations of the Mo5+–H centre in the ZnWO4:Mo crystal (the lines
of both geometrical sites are presented). Symbols represent experimental data and the solid
curves are computer-simulated angular variations calculated with the optimized spin-Hamiltonian
parameters. The figures correspond toB along [010] and [100] for 0 and 90◦, respectively.
Observations were made at 35 K and 9.44 GHz. (a) Angular variation of the average of the
main ESR lines with no HF or SHF splitting. (b) Angular variation of the95Mo HF lines (the
experimental data of the two geometrical sites are distinguished by squares and circles).
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Figure 4. Angular variations of the H ENDOR lines of the Mo5+–H centre (the lines of
only one geometrical site are shown). Squares represent experimental data and the solid
curves are computer-simulated angular variations calculated from the optimized spin-Hamiltonian
parameters. Observations were made at 24 K. The figures correspond toB along (a) [100], [001]
and [̄100] directions for 0, 90 and 180◦, respectively; (b) [010], [100] and [01̄0] directions for 0,
90 and 180◦, respectively; (c) [010], [001] and [01̄0] directions for 0, 90 and 180◦, respectively.

3.3. Comparison ofW 5+–H andMo5+–H centres

From a comparison of the spin-Hamiltonian parameters (table 1) it is easy to see the
similarity of all available corresponding eigenvectors of the different tensors confirming
the same basic structure for the W5+–H and Mo5+–H centres. Since the principalg values
are smaller than that of the free electron (ge = 2.0023) the Mo centre must be also an
electron-excess centre. The principalg values for the Mo5+–H centre deviate less fromge
than those for the W5+–H centre. This results from the larger spin–orbit coupling constant
of tungsten compared to that of the molybdenum (λW and λMo are 2700 and 900 cm−1,
respectively [13]); the ratio of the two (gavg − ge) values for these defects is approximately
three, which is also the ratio of the respectiveλ values.

Values of HF and SHF interactions with W, Mo and H, as obtained for the two centres,
are most suitably presented in a transformed form:Ã = aĨ + B̃, wherea, Ĩ and B̃ are
the isotropic hyperfine coupling constant (proportional to the spin density on the specific
nucleus), the unit tensor and the traceless tensor of the anisotropic hyperfine coupling,
respectively. We use the diagonalized components:Bxx = −b + b′, Byy = −b − b′ and
Bzz = 2b where b is the axial part andb′ is the measure of the deviation from axial
symmetry. The following HF parameters were obtained in units of 10−4 cm−1:

W HF(W5+–H) a = 89.5 b = 29.6 b′ = −1.4

Mo HF(Mo5+–H) a = 46.7 b = 16.6 b′ = −1.9.

The values in units of MHz for the H SHF interactions were:

H SHF(W5+–H) a = 8.6 b = 2.9 b′ = −0.45

H SHF(Mo5+–H) a = 6.5 b = 4.2 b′ = −0.51.

The above parameters have the same order of magnitude and relative signs for the two
centres indicating similar structures.

The H SHF interactions are small for both centres compared to those of metal hydrides
but they are comparable with those of metal–OH− bonds [14]. The introduction of hydrogen
into the crystals as OH− ions is a reasonable assumption since the crystals were grown in
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air; infrared spectroscopy has confirmed the presence of different forms of OH− centres in
ZnWO4 [15, 16]. However, since oxygen is a major element of the host crystal, it is not
indicated in the defect designation.

The model for the centres studied is the following: a W6+ (or Mo6+) captures an
electron and because of the presence of a nearby OH− ion the centre is locally neutral; it
is designated as W5+–H (or Mo5+–H). Nearby W and Zn host ions also contribute to the
SHF structure of these centres. There are similarities between these new H-related centres
and that of previously reported V·O(B) centres. Note that for the V·O(B) centre there is
an anion vacancy between two nearest W ions (or between an Mo substituting for W and
the nearest W) which has captured an electron. It is believed that the anion vacancy in
the V·O(B) (or V·O(B)MoW) centre is probably in the same position as the OH− ion in the
W5+–H (or Mo5+–H) centre. This is supported by the similar eigenvectors shown in table 1
for both H-related centres and V·O(B) centres. The published eigenvectors for the latter
centres have been transformed according to the crystal symmetry to facilitate comparisons.
The deviation of thezz principal axis directions is 9.2◦ for the V·O(B) and W5+–H centres;
the deviation for the V·O(B)MoW and Mo5+–H centres is 6.3◦. This comparison tends to
support the models for the W5+–H and Mo5+–H centres. Also the similarity in structure
for these H-related centres gives evidence for Mo being substitutional for W.

The different methods needed for creating the two hydrogen-related centres can be
explained with the proposed defect model. The W5+–H centre is produced in Li-doped
ZnWO4 where plain substitutional OH− anions are present [9]. These OH− ions have
W neighbours since these are host ions in the crystal. When UV or X irradiation liberates
electrons, they will be captured at those W ions which have OH− neighbours, thus producing
the W5+–H centre which is locally neutral (charge compensated). When Mo6+ substitutes
for W6+, no charge compensation is needed; thus there is only a small probability for OH−

ions to be near to Mo dopant ions. This is why the Mo version of the centre cannot be
produced by UV or x-irradiation at 77 K. These radiations are not energetic enough to
produce ionic displacements. Therefore high temperature is required for the diffusion of a
hydrogen toward the Mo ion which has trapped an electron in the reducing atmosphere.

4. Summary

In the Mo-doped ZnWO4 crystal after a reducing treatment at about 960◦C a newS = 1
2

paramagnetic centre in C1 symmetry was created; it has been characterized by ESR and
ENDOR spectroscopy. The typical double-sextet structure due to the two different Mo
isotopes having non-zero nuclear spins allowed assignment of the centre to an Mo5+ ion.
Its spin-Hamiltonian parameters showed close similarity to those of the recently published
W5+–H centre and therefore the centre was designated as an Mo5+–H centre. ENDOR
studies proved that in both of these centres the perturbing defect nearby was a hydrogen in
an OH bond.
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