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ESR of dislocation defects in MgF, crystals

—with more than 130 line peaks’
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In this work, more than 130 line peaks in electron spin resonance (ESR) spectra have been discovered of the laser
material MgF2 crystal in room-temperature experiments. A sample is cut from the shoulder part of the MgFg crystal,
and another is from the MgF3:Co crystal. The samples were not treated by any irradiation. The same anisotropic
ESR spectra of the two samples indicate that the dopant Co?t introduces defects which induce the same multinuclear
free radicals as in dislocations in the sample of MgFa2. These paramagnetic solid multinuclear free radicals show good
stability, and their ESR spectra are found to be anisotropic. ESR signals are derived from three different types of
multinuclear free radicals from a tentative simulation analysis.

When the direction of the applied magnetic field is along the [100] or [010] orientation of the crystal, the magnetic
field at which the ESR signals are detected ranges from 0.2294T to 0.4654T and the width of this range is 0.2362T (corre-
sponding to an energy band of 0.233¢V); the most narrow peak in the ESR spectra has a width AH about 1.28x10~3T.
This width AH, equivalent to the energy difference of two neighbouring levels, is very small, only 1.85x10~7eV (or

© 2005 Chin. Phys. Soc.
and IOP Publishing Ltd

1.46x10 3cm™1).

This fact indicates that the ground state is highly degenerate, and splits into nearly quasi-continuous energy levels

like an energy band in an applied magnetic field. It may be served as a new starting point of solid laser exciter frequency

modulation.
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1. Introduction

Magnesium fluoride is an ionic conductor and is
also an important material for most solid lasers in
use.[?] Since nuclear spins of alkaline-earth metals
and halogen elements are not zero, in an ionic crys-
tal of the alkaline-earth halide it is possible that some
multinuclear free radicals are produced in the disloca-
tion and negative vacancy defects. There have been
investigations about irradiation or doping-induced
colour centres in ionic crystals,>=¢ but the electron
spin resonance (ESR) spectra they studied are not as

complicated as those obtained in our study.

Magnesium fluoride is a crystal of a rutile struc-

ture (TiO2) in Dyj, group, in which there are two metal
ions per unit cell. Each with only a rhombic symme-
try is coincident with the other under a 90° rotation
about the crystal c-axis, see Fig.1.[’l Each cation is
surrounded by a distorted octahedron of fluorine ions:
two (axial) anions are shifted along [110] orientation;
four (equatorial) anions lie in the perpendicular plane
in a square with one side parallel to the c-axis. The
axial anions lie slightly farther from the cation than
the equatorial ions. It is convenient to use the coordi-
nate system relative to the cation sites as follows: the
z-axis is along the c-axis, the x-axis is along the [110]
line joining the two axial fluorine ions and the y-axis

is taken to be perpendicular to the x-axis and z-axis.
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Fig.1. (a) Schematic of unit cell of MgFs, (b) Magnetic field H relative to the c-axis and

a-axis.
2.Experiment and discussion

In the experiment, sample 1 is cut from the
shoulder part of the undoped MgFs crystal, pre-
pared by Stockbarker—Bridgeman method with a mass
0.53978g, and sample 2 is cut from a MgF5:Co crystal
with a mass 1.63375g. The two samples have not been
treated by any irradiation.

There are stable, regular and anisotropic ESR
signals at room temperature from the two samples.
However, there is no ESR signal from a sample cut
from the part of good crystal below the shoulder part
of this MgF5 crystal. ESR experiments were carried
out at room temperature using a Bruker ER2000-SRC
spectrometer at X-band with an angle controller. The
crystal c-axis of the sample was determined with x-ray
diffraction. The ESR spectra were measured under
varying 6 and ¢. Here 6 and ¢ are the angles made by
the magnetic field H with the c-axis and a-axis respec-
tively as shown in Fig.1(b). Middle field was 0.3450T,
and scan width was 0.2600T. Microwave frequency
used was 9.7455GHz for sample 1, and 9.5910GHz for
sample 2.

We found that ESR spectra from the two samples
were very complicated. More than 130 line peaks have
been discovered. The experimental ESR spectra of the
MgF5 and MgF5:Co crystals are shown in Fig.2, with
the magnetic field applied along the [100] or [010] ori-
entation in the crystal. However, the ESR spectrum
of the MgF5:Co crystal was observed to be the same
as that of the MgF5 not only in Fig.2, but also in all
the experimental anisotropic spectra. That is to say,
the dopant Co?T creates the defects that induce the
same multinuclear free radicals as the dislocations do
in sample 1. The magnetic field at which the ESR

signals in Fig.2 are detected ranges from 0.2292T to
0.4654T and the width of this range is 0.2362T (cor-
responding to an energy band of 0.233eV); the most
narrow peak in ESR spectra has a width AH is about
1.28x1073T. This width AH, equivalent to the energy
difference of two neighbouring levels, is very small,
only 1.85x10~7eV or 1.46x10 3cm ™. This fact indi-
cates that the ground state is highly degenerate, and
splits into nearly quasi-continuous energy levels like
an energy band in an applied magnetic field. Thus,
we think, it may be served as a new starting point of
solid laser exciter frequency modulation.

These paramagnetic solid multinuclear free rad-
icals show good stability, and their ESR spectra are
found to be anisotropic. The anisotropic ESR spec-
tra of the MgF, and MgF,:Co crystals are shown in
Figs.3 and 4. And the spectrum in Fig.4(a) is seen
to be the same as that in Fig.4(d). That is to say,
the ESR signals from the directions [100] and [010] is

equivalent in accordance with the crystal symmetry.

middle field=3450G
scan width=2600G

(®)

middle field=3450G
scan width=2600G

Fig.2. The ESR spectra of (a) MgF3 crystal and (b)
MgF2:Co crystal with the field H parallel to the [100]

orientation.
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Fig.3. The anisotropic ESR spectra of MgFy crystal
with =90° (a), 60° (b), 30° (c) and 0° (d).
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Fig.4. The anisotropic ESR spectra of MgF3:Co crys-

tal with =90°, and ¢=0° (a), 30° (b), 60° (c) and 90°

(d).

The samples were not doped with other impurity
materials except Co?t in sample 2 and not treated by
any irradiation. There are some defects in the grown
crystal of MgFy, especially the shoulder part in which
the main defect is dislocations.[] These defects can
produce some unpaired electrons, e.g. solid free radi-
cals. Therefore, the anisotropic ESR spectra of sample
1 disclose the stable and regular defects in the shoul-
der part of the MgFs crystal.

In fact, Tinkham!3 has observed the hyper-

fine structured (hfs) spectrum of Co?* (nuclear spin

I=7/2) in Co:MgF5, in which there can be seen 8 hfs
peaks with AH=0.0070T only at very low tempera-
ture of 12K. In our experiment, we observed the ESR
signals from MgF1:Co single crystal, which are not
from Co?T at room temperature, but without the 8
hfs peaks from Co?* with I=7/2.

The nuclear spin of fluorine is /=1/2, and its nat-
ural abundance is 100%. An isotope of the atom 24Mg
s 2Mg whose nuclear spin is I=5/2 and its natural
abundance is 10.13%.

formation of very complicated multinuclear free radi-

This may be a reason for the

cals. Since MgF5 is an ionic conductor, the multinu-
clear free radicals produced in it can move in the lat-
tice like a fluid, so the line width AH is very narrow.
A set of five most fundamental peaks with strength
ratio of 1:4:6:4:1 with line width AH about 0.0016T
was derived from four equivalent nuclei with I=1/2.
A result was obtained from tentative simulation anal-
ysis of the ESR spectrum at 6=90°, using a model for
analyzing the free radicals in liquid. The ESR signals
were derived from three different types of multinuclear
free radicals: R1, R2, R3. And the result for the sim-
ulation spectrum is composed of a strength ratio of
Ry, : Ry : R3=1:1.2:1.3, as shown in Fig.5. Figure 6
is the comparison of experimental spectrum (a) with
the simulated one (b).
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Fig.5. The simulated spectra with a strength ratio of
R1:R2:R3=1:1.2:1.3.
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Fig.6. The experimental spectrum (a) in contrast

with the simulated spectrum (b).

Hyperfine splitting constants of the multinuclear

free radicals from simulation analysis are listed in Ta-
ble 1.
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The R, radical is composed of: one F~ with hy-
perfine splitting a;=0.08192T, two F~ with hyperfine
splitting a;=0.03968T, one 2°Mg with hyperfine split-
ting a3=0.0080T, and four F~ with hyperfine splitting
a4=0.0016T.

The R; radical is composed of: two F~ with hy-
perfine splitting a;=0.04224T, one 2°Mg with hyper-

fine splitting a;=0.00832T, and four F~ with hyper-
fine splitting a4,=0.0016T.

The Rj3 radical is composed of two 2°Mg. For
nuclear spin of Mg I=5/2, the R3 consists of six
sets of equal strength peaks with hyperfine splitting
a1=0.00896T, in which each set has six equal strength
peaks with hyperfine splitting a;=0.00128T.

Table 1. Hyperfine splitting constants of the multinuclear free radicals from

simulation analysis in MgFg crystal.

Multinuclear free radicals 25Mg2+ Number of 2°Mg2* ions F- Number of F~ions

a3=0.0080T 1 a1=0.8192T 1
B az= 0.03968T 2
a4=0.00160T, 4
Ry a2=0.00832T 1 a1=0.04224T 2
a4=0.00160T 4

Rs a1= 0.00896T 1

az= 0.00128T 1

3. Conclusion

Because the nuclear spin of atom F is I=1/2
and 2°Mg is 1=>5/2, there exist very complicated and
stable paramagnetic solid free radicals in MgFs and
MgF'5:Co crystals.

The same anisotropic ESR spectra has been ob-
served both in MgFs and in MgF,:Co crystals. Thus
we can conclude that the dopant Co?t produces de-
fects that induce the same multinuclear radicals, as
the dislocations do in the pure MgF5 crystal.

We have carried out the tentative simulation anal-
ysis of the ESR spectrum at #=90° (i.e. H.L c-axis),

using a method for analysing a liquid model. The sig-
nals were derived from three different types of mult-
inuclear free radicals: R;, Ry and Rz with strength
ratio R1:R5:R3=1:1.2:1.3.

Acknowledgement

The authors would like to thank Professor Li Yong
at Tsinghua University, Professor Chen Shi-Ming at
Fudan University, Professor Xu Yun-Xia at Nanjing
University and Professor Liang Ren-You at Univer-
sity of Science and Technology of China for the ESR

measurements.

References

[1] Deng CY, He D W, Zhuang W D, Wang Y S, Kang K
and Huang X W 2004 Chin. Phys. 13 473

[2] Wang M X, Sun C X, Shi X C and Yu J H 1999 Acta
Phys. Sin. 48 326

[3] Blunt R F and Cohen M I 1967 Phys. Rev. 153 1031

[4] Call P J, Hayes W and Kabler M N 1975 J. Phys. C Solid
State Phys. 8 L60

Gladney H M 1966 Phys. Rev. 143 198

Gladney H M 1966 Phys. Rev. 164 253

Wang J Y 2001 Physics 30 332 (in Chinese)

Tinkham M 1956 Proc. Roy. Soc. (London) A 236 535



