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Electron spin resonance linewidths of Fe’ in

magnesium oxide

J.S. THORP, R. A. VASQUEZ, C. ADCOCK, W. HUTTON
Department of Applied Physics and Electronics, University of Durham, UK

Electron spin resonance linewidths of Fe** in single crystal MgO at 9 GHz were examined
experimentally and theoretically for a range of Fe3* concentration. In contrast to the
behaviour expected from dipolar broadening the experimental derivative peak-to-peak
linewidth for the 4 < —% transition, about 0.6 mT at 77 K and a polar angle of 0°, was
independent of concentration from 140 to 8500 ppm. The calculated dipolar linewidths
greatly exceeded those observed and values of the ratio of moments M}/4/M}/? derived
from the experimental data lay between 1.33 and 1.48. Optical examination, coupled
with heat-treatment experiments, confirmed that the predominant valency state present
was Fe3*. The data suggested that Fe3* entered the lattice substitutionally, occupying
magnesium sites, and that the linewidths were determined by exchange narrowing over

the whole concentration range examined.

1. Introduction

Magnesium oxide is widely used commercially,
often in its fused or powdered forms, either purely
for its refractory properties or, more specifically,
as an electrically insulating refractory material. In
the latter context, which has been the subject of
much work over the past two decades [1,2],
questions still remain as to the possible role of
impurities in influencing the electrical properties
and breakdown at high temperatures. As part of a
further study of some of these effects an investi-
gation has been made of the electron spin resonance
behaviour of a number of doped magnesias in an
attempt to establish the location of the dopant
atoms and so provide specimens of known struc-
tural characteristics on which electrical conduc-
tivity and dielectric loss measurements might sub-
sequently be made. Some electron spin resonance
data on magnesium oxide doped with transition
element ions, for example Fe, Co, Cr and Ni has
previously been reported in the literature [3] and
the characteristic parameters of the spin-Hamil-
tonian calculated for crystalline fields having cubic
symmetry. There is, however, little detailed inform-
ation available either on the question of the sites
actually occupied by the dopant atoms or on the
nature of the interactions between the latter.
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Information of this nature has recently been
obtained in several materials, including doped
calcium tungstate {4, 5] and alumina [6, 7], by
making a comparison between the observed esr
linewidths and those predicted from dipolar
broadening. It was decided to adopt a similar
approach with iron-doped magnesia. This paper
presents the results of the linewidth comparison
made for the ¢ —4 transition of Fe3*.

2. Experimental techniques

The doped single crystals on which measurements
were made were obtained from W. & C. Spicer Ltd
(Cheltenham), having been grown by electrofusion
using pure powdered ferric oxide and pure
powdered magnesia as the starting materials.

The iron concentrations in the specimens
examined ranged from 140 to 11900 ppm; these
had been determined by optical spectrographic

_analysis (Johnson—Matthey 1.td) to an accuracy of
about 2%. The crystalline quality was good and
neither optical examination nor X-ray back-reflec-
tion photographs, used to orient the specimens,
revealed any evidence of macroscopic cracking,
flaws, strain or mosaic formation. The crystals
were coloured, varying from pale green at 140 ppm
Fe to dark green at 11 900 ppm Fe; optical absorp-
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tion spectroscopy revealed features, described in
detail later, which were taken as indicative of Fe*.
Visual examination showed the coloration, and

hence the doping level, to be quite uniform over -

each of the individual specimens, which typically
had dimensions of 9.8mm x 7mm x 2.61mm,
chosen, to suit the spectrometer cavity require-
ment.

The electron spin resonance measurements were
made using a conventional 9 GHz spectrometer
equipped with phase sensitive detection and giving
output spectra in derivative form. Some difficulty
was experienced in matching the spectrometer
cavity. The match between the input waveguide
and the cavity depended quite critically on the size
of the specimen and, to a lesser extent, on the
doping level and it was found necessary to incor-
porate a continuously variable matching unit. This
consisted of a brass plunger passing through the
broad face of a section of rectangular guide
mounted immediately above the rectangular TE o2
cavity, the position of the plunger could be adjusted
from the cryostat head. Spectra were recorded, at
both 293 and 77 K, by sweeping the magnetic field
slowly through a known range. The magnetic field
calibrations were obtained using a proton resonance
magnetometer system in which the probe could be
located exactly in the position normally occupied
by the specimen.

3. Experimental results

Initial measurements were made to establish the
form of the spectrum in each specimen. An
example of this is shown in Fig. 1 which refers to a
specimen containing 310ppm Fe examined at
293 K. The spectrum at 8y = 0° shows a total of
five lines of which the one centred at aboutg =2
is the most prominent. The field values at which
the transitions occurred were compared with the
values expected from the energy level diagram [8,
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Figure 1 Esr spectrum of Fe**/MgO; room temperature,
6z = Oe, 9.10 GHz, 310 ppm Fe.

90

9]. There was close agreement and on this basis,
and in view of the similarity between Fig. 1 and
the features of the 1.15cm region spectrum
reported by Low [3], it was felt justifiable to
attribute the spectrum to Fe>' in octahedral sites.
Some specimens showed weak additional lines
which were thought to be due to impurities.
Measurements of the magnetic field values at
resonance for the transitions and linewidth deter-
minations were made as functions of polar angle.

The iso-frequency plots showed that, while the
1+ —1 transition was nearly isotropic, the other
transitions were markedly anisotropic. The vari-
ations for the 3 © 4 and —3 < —} transitions are
depicted in Fig. 2. At angles near 8, = 30° and
8, = 60° there is overlap with the 3 < —3 tran-
sition which, by contrast, was found to be much
less anisotropic. Low [3] has previously reported
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isotropic behaviour for the § ¢ —% transition but
the present measurements (Fig. 3) show that there
is a small periodic variation-in the resonance field
which departs by up to 3mT from its value at
8z =0°. The pattern of variation is very similar
to that reported by Toussaint and Declerck [10]
who found, for the case in which the magnetic
field was directed along the (111) axis of the
crystal, changes in resonance magnetic field of up
to 4mT over a similar range of polar angle.

The 3 < —1 transition was used for detailed line-
width studies, primarily because of its greater
intensity. The linewidths, defined as the width
between points of maximum slope, AHy, was

obtained directly from the derivative plots. The .

linewidth variation with polar angle was measured.
All the curves show a minimum near 8 ;; = 0° where
the linewidth at room temperature is approximately
0.8mT. In order to check whether there was any
appreciable contribution to linewidth due to
broadening caused by spin-lattice relaxation, the
spectra were then recorded at 77 K. The linewidths
measured were similar to those at 300K showing
that this effect was negligible. Fig. 4 illustrates the
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Figure 4 Linewidth variation with polar angle (6 < 30°).

variation of linewidth with polar angle obtained at
77K for several of the specimens; measurements at
high values of 8 were restricted due to the reduction
in intensity of the < —} transition and to diffi-
culties with overlapping transitions but the vari-
ation appeared to be periodic.

4. Dipolar broadening
It will be assumed in this calculation that the main
contribution to homogeneous line broadening is

dipole—dipole interactions between Fe®" ions; the
magnitude of this broadening is calculated using
the second moment theory of Van Vleck [11}.

For like atoms the second moment, (Aw?), can
be written

(Aw? = 3S(S + 1)(g*B¥/h)* - n

; l:r;,f(3 cos? 0y — 1)2} )
where w is measured in rad sec”?, n is the concen-
tration of interacting atoms, g is the Lande g-
factor, B is the Bohr magneton, 7y, is the radius
vector from the reference atom j to all the neigh-
bouring atoms labelled over k, 8 is the angle
between the radius vector and a crystallographic
reference axis. The term ry(3 cos? 8 — 1) can

be evaluated using spherical harmonics, Y; ,,, if
the form of the unit cell is known {4].

—

i

(a)

(b)
a

Figure 5 The magnesium oxide unit cell. (a) Atomic
positions; ® =magnesium, o = oxygen. (b) Reference axes.

The unit cell of magnesium oxide is face centred
cubic having 2 =4.2112 & (21° C) [12] as shown
in Fig. 5. The iron is expected to substitute at the
magnesium sites and so a complete tabulation of
these sites is needed. It is found sufficient to con-
sider eight unit cells with the iron reference ion as
a common corner because the contribution from
more remote cells is negligible. The r, 8, ¢ values
of all the magnesium sites are given in Table Al
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For a crystal of cubic symmetry the equation
of the second moment for like atoms is:

(Aw?) = 2— S(S + 1) /0)* - n [% 2 i)
'k

3
35 Y4 o0, xr) Z 1 Ya,0(6r, )
(2)
327
+ 35 Y3, 4O, b1) ; 1 Ya,4(0n,0)

32
+_3‘5“ Ya a0, 08) Y. r38Ya - a0, ¢k)]
k

where 8, and ¢, refer the radius vector to the

crystal axes while 0y and ¢y refer the static -

magnetic field to the same axes. Because of the
symmetrical properties of the crystal structure this
equation reduces at ¢y = 0° (which is the case
considered here) to

Aw? = %S(S + 1)(g*%n)* n [ : > (7

k

3211
Y4 o(0m, 9rr) Z raYs, o(0r, br)

647r

35 ~= Y4 a(0m, 0x) Z 0 P (S ¢k)]

(3)
The total dipolar broadening is given by the
square root of the sum of the second moments of
the individual dipolar interactions. This mean
square width must be converted into the peak-to-
peak derivative linewidths, AH,,, for comparison
with experimental results. This is done using the
equation

AH,, =

-3H/[dv Tesla )]

Viaw?)
- m
where the parameter 0H/dv is obtained from the
experimental isofrequency plots obtained for each
crystal.

For Fe**, §=5/2 and g =2.0037 [3] and so
the atomic part of the equation can be evaluated
as

§5(S + 1)/ n

= 7.0621 x 107 n (radsec ) em®.  (5)

Using. Table AIl the geometrical part of the
equation can be partially evaluated leading to the
final equation
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(Aw?) =7.062 x 101 [15.9184 —5.175 Y ,

(On, ¢) — 6.218 Y3 4(0mr. 0p)] . (6)

For ¢y = 0° the equation is totally real and by
substituting the experimental values of n and 6y
curves of dipolar broadening as a function of polar
angle can be derived. Using the transformation of
Equation 4, AH,, can then be calculated and
compared with experimental values. The general
curves for the variation of linewidth with polar
angle are given in Fig. 6. The predicted concen-
trated dependence of linewidth obtained on the
crystals in the as grown state is shown in Fig. 7,
which also gives the experimental data.



5. Discussion

Two salient features emerge from an initial com-
parison between the experimental results for the as
grown crystals and those predicted on the basis of
dipolar broadening. In the first place the predicted
linewidths are about a hundred times larger than
the observed linewidths; secondly, the linewidth
appears to be almost concentration independent
in marked contrast to the (concentration)'’? vari.
ation expected for dipolar broadening.

The discrepancy in the magnitude of the line-
width is far greater than those encountered in
other materials in which similar comparisons have
been made. In ruby, for example, Grant and
Strandberg [6] found that the predicted dipolar
widths were some five times larger than the
observed widths; in neodymium doped calcium
tungstate [4] Brown et al. found that the predicted
widths agreed closely with those observed; in
double doped alumina Thorp et al. [7] found that
the predicted widths were seven times larger than
those observed and in gadolinium calcium tungstate
{5] Thorp et al. found a similar factor. In these
examples there was a reasonably good fit between
the forms of the predicted and observed angular
variation of the linewidth and also between the
predicted and observed linewidth versus concen-
tration variation. With the present data only the
form of the angular variation of linwidth corres-
ponds to the predictions of the dipolar model. The
large numerical disparity suggested either that the
values used for the Fe®' concentrations were
incorrect or that there was a strong narrowing
mechanism such as, for example, exchange [11] or
motional [13] narrowing. These possibilities,
which led to some further optical and esr experi-
ments on heat-treated specimens, are discussed
below.

As regards the Fe®' concentrations the figures
used, obtained by spectrographic analysis, referred
to the total iron content. This method of analysis
did not differentiate between various valency
states and consequently it was -possible that
although the crystals certainly contained Fe3* — as
shown by the esr spectra —they might also contain
other states such as Fe®*. There is a considerable
literature on the optical absorption behaviour of
Fe?* and Fe® but the positive identification of
species in particular lattices is not entirely straight-
forward. Jones [14] has reported that for Fe?* in
octahedral co-ordination a peak corresponding to
the T,, - E, transition is observed at 970nm, a

result confirmed by Cotton and Meyers [15], and
also by King et al. [16]. The optical behaviour of
Fe3* in cubic fields is well documented, e.g.
Wickersheim and Lefever [17], but there is
relatively little data specifically relating to MgO;
Wertz et al. [18] however identified two peaks in
iron-doped magnesia, occurring at 400 and 459 nm
as due to Fe®*. The optical transmission in most of
the present specimens has been studied over the
range 200nm to 1000nm using an Optica Type
CF4 spectrophotometer, and over the range 600
to 1000nm using a Grubb and Parsons Spectro-
master. In the as-received state all the specimens
examined showed minima at 395 nm and 462 nm
(see Fig. 8), the magnitude of which increased pro-
gressively with total iron concentration. Only two
specimens, those containing 2300ppm Fe and
4300 ppm Fe respectively, gave in addition a broad
minimum centred near 1000 nm (Fig. 9). We thus
conclude from this optical data that while all the
specimens contained Fe3* only the two specimens
noted above contained a detectable amount of
Fe?*. Further evidence was obtained from a series
of heat treatment experiments. After heating in air
at 1200°C for up to 30 hours the initially green
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Figure 8 Optical transmission in iron-doped magnesium
oxide, (2300 ppm Fe, 300 to 1000 nm).

100,

5 & 8

Transmission (%)

n
(@)

Q
600

1000 1200 1400
Wavelength (nm)

800 1600 1800

Figure 9 Optical transmission in iron-doped magnesium
oxide, (2300 ppm Fe, 600 to 1800 nm).
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coloured specimens turned orange; these visual
changes were accompanied by changes in the
optical transmission also indicated in Fig. 8. Thus
it was confirmed that heating in air or oxygen
increased the Fe®* content, presumably at the

expense of the Fe?* content, and that the .reverse.

applied after heat-treatment in hydrogen, although
it was not possible to make accurate quantitative
estimates of relative proportions; our optical
observations fit closely with those reported
previously [18].

After heat-treatment in air the intensity of the
Fe3" esr spectrum was, in most specimens, some-
what larger and the linewidths tended to increase
but only by factors of less than two times; even in
the situation where maximum conversion of Fe?*
into Fe® had been attempted (after prolonged
heating in air) the linewidths were still very much
less than the predicted values. The dipolar calcu-
lations can be used to obtain the concentration of
Fe®" which would have been needed to account on
the dipolar model for the observed 0.8 mT line-
width. This extrapolation gives a required concen-
tration of only about 0.5 ppm Fe*. Even allowing
for a substantial percentage of the total iron con-
tent being present as species other than Fe3* this
extremely low value makes it very unlikely that
the linewidth discrepancy could be explained
purely on concentration grounds; furthermore, no
explanation of the concentration independent line-
widths would be afforded without an unlikely
assumption that the Fe®* concentration remained
low and constant although the total iron content
increased from 140 to 11900 ppm.

An explanation in terms of exchange narrowing
seems more likely since this would involve an inter-
action between ions of like species which here
would be Fe*' < Fe®. Exchange line narrowing
mechanisms have been examined by Van Vieck
[19]. Experimental evidence for exchange narrow-
ing is usually obtained from analysis of lineshapes
and especially by comparison of moments. A
review by Al’Tshuler [20] gives

M}; 4

M%/Z

> 1

where M, and M, are respectively the second and
fourth moments of the line as a criterion for
exchange narrowing. An analysis of this type has
been attempted in the following way. Each absorp-
tion lineshape was first found by numerical inte-
gration of the experimental derivative plots; these
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resembled that reported by Zavoisky [21] for the
exchange narrowed line of CrCl; polycrystalline
samples. A difficulty was encountered on the high
field side of the main transition by the presence of
a weak subsidiary line. This made it impossible to
obtain.data in the high field tail and consequently
estimates of M, and M4 were only made for the
left-hand side of the line where the tail could be
followed continuously into the background. The
ratio My'*/M3’? was then derived and the results
are summarized in Table I. The values of the ratio
TABLE I Values of the ratio M'/*/M*/? for Fe®* in single

crystal MgO (3 < —1 transition, 77K data); for com-
parison some of Van Vleck’s data is included.

Substance Experimental  Calculated Ratio
linewidth linewidth MM
(mT) (mT)
Iron-doped magnesia, Fe**[MgO
140 ppm 0.66 1049 1.34
310 ppm 0.63 15.56 1.36
710 ppm 0.62 23.67 1.33
2300 ppm 0.58 42.58 148
4300 ppm 0.63 58.44 1.42
Manganese salts, (Van Vieck’s data)
Mn(l, 75.0 295 1.40
MnSO, 66.5 352 1.35
MnCo, 46.0 446 1.43
MnF, 47.0 702 1.39
MnS 78.0 752 1.40

are similar to the figures quoted elsewhere for
other examples of exchange narrowed esr lines, e.g.
in Mn®* salts, Van Vleck [19]. This suggests that
exchange narrowing is important, even at the
lowest iron concentration (140ppm Fe). The
exchange model might also give an explanation for
the concentration independent linewidths. Increas-
ing the iron concentration will increase the number
of Fe** atoms occupying sites at the minimum
distance from the reference atom and so produce a
stronger narrowing effect; thus the concentration
independence of the linewidth is to be regarded as
the maintenance of the domination of exchange
narrowing over dipolar broadening at all levels of
iron concentration.

On the above basis one might expect that the
linewidth behaviour of the Fe®* should be sub-
stantially independent of any Fe®* present. The
present data on heat-treated specimens supports
this view; after heat-treatment in air small increases
in linewidth were observed whereas after heat-
treatment in hydrogen small decreases were seen.
The heat-treatments were respectively such as to
maximize the conversion of the iron present to



either Fe®* or Fe? yet the linewidth aiways
remained much smaller than the predicted dipolar
width. We cannot rule out the possibility of some
contribution to narrowing arising from motional
effects, which have been invoked by Stoneham et
al. {22] to explain the temperature dependence of
the linewidth or iron group ions in MgO in the

temperature range near 2 K. This mechanism, how-
ever, would involve an Fe**—Fe?* interaction and,
in view of the small amounts of Fe?* detected in
the specimens used in these experiments, seems
unlikely to be a dominant factor. Thus we con-
clude from the linewidth experiments that the iron
enters the magnesium oxide lattice substitutionally

TABLE Al Values of 7, 6 and ¢ for magnesium sites in eight unit cells of MgQ, taking the common corner as the origin

of the polar co-ordinate system (see Fig. 5).

a b c r(A) 0° ¢° a b ¢ r(A) 0° ¢°

L L 0 297718 90 45 - | 1 5158 65.91 296.56
—L L 0 29778 90 135 —-r -1 =i 5158 114.09 243.44
- 0 29778 90 225 L —1 —L 5158 114.09 296.56

L1 0 29778 90 315 1 1 L 5158 65.91 26.57

0 5 i 2.9778 45 90 1 —1 L 5.158 65.91 333.43

(R L 29778 45 270 1 1 L 5158 114.09 26.57

0 L -1 29778 135 90 1 —L -1 5158 114.09 333.43

0 -1 L 29778 135 270 -1 L L 5158 65.91 153.43

L 0 L 29778 45 0 S — L 5158 65.91 206.56
-1 0 i 29778 45 180 —1 L -1 5158 114.09 153.43

L 0 L 29778 135 0 -1 —L L 5158 114.09 206.56

1 1
—i 0 —LX 29778 135 180 ) 0 ) 5.956 45 0

0 0 1 42112 0 - —1 0 1 5.956 45 180

0 0o -1 42112 180 - 1 0 -1 5.956 135 0

1 0 0 4.2112 90 0 —1 0 -1 5.956 135 180

0 1 0 4.2112 90 90 0 1 1 5.956 45 90
—1 0 0 4.2112 90 180 0 -1 1 5.956 45 270

0 —1 0 42112 90 270 0 | | 5.956 135 90

0 -1 -1 5.956 135 270

i L 1 5.158 35.26 45 1 1 0 5956 90 45
—L 3 1 5.158 35.26 135 —1 1 0 5956 90 135
. 1 5.158 35.26 225 -1 -1 0 5.956 90 225

LA — 1 5.158 35.26 315 1 -1 0 5956 90 315

1 L 5.158 144.74 45
-1 TR | 5.158 144.74 135 1 1 1 7.294 54.74 45
G f 5.158 144.74 225 -1 1 i 7.294 54.74 135

S - 5.158 14474 315 -1 -1 1 7.294 5474 225

1 1 L 5158 65.91 63.44 t -1 1 7.294 54.74 315
—L 1 L5158 6591 116.56 1 1 -1 7.294 125.26 45

L 1 —L 5158 114.09 6344  —1 1 -1 7.294 125.26 135
—1i 1 —L 5158 114.09 11656 —1  —1 -1 7.294 125.26 225
| L 5158 65.91 243.44 1 -1 -1 7.294 125.26 315

TABLE AII Trigonometrical parameters for the magnesium sites in eight unit cells of MgO, the origin of co-ordinates

being the common corner.

r(A) 6 P N®No. Y, 0k, 0k} Y46k, dr) NréxX10¥em™ Nr®Y, (6, ér) Nr°Y, ,(6g, or)
of sites) X 104 cm™* X 10%¢m™*
2978 90 45 4 0.3174 —0.4425 5.737 1.8209 —2.5386
2978 45 0 8 —0.3438 0.1106 114741 —3.9448 ~1.2690
4.211 0 - 2 0.8463 0.0000 0.3586 0.3035 0.0000
4.211 90 0 4 0.3174 0.4425 0.7171 0.2276 0.3173
5.158 35.26 45 8 -0.1528 —0.04917 0.4297 —0.06494 —0.02113
5.158 65.91 26.57 16 —0.1087 —0.0861 0.8594 —0.0934 —0.0740
5.956 45 0 8 —0.3438 0.1106 0.1793 —0.0616 0.0198
5.956 90 45 4 0.3174 —0.4425 0.0897 0.0285 —0.0397
7.294 5474 45 8 —0.3291 —0.1967 0.05313 —0.0175 —0.0105
SUM 19.898 —1.8017 —1.0823
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(occupying magnesium sites), that the predominant
valency state is Fe* and that even at low concen-
trations there is strong exchange narrowing of the
resonance lines.
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