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A study of low-temperature dielectric relaxation of Er’**- and Y**-doped MnF, crystals in orien-
tations both parallel and perpendicular to the tetragonal c axis shows the presence of relaxation
peaks with very low activation energies E. Specifically, for both dopants, a prominent peak is found
in parallel-oriented samples with £ ~6 meV and in perpendicular orientation with E =37 meV for
Er’* and E =46 meV for Y** doping. Such low E values are probably too small to be controlled by
lattice migration of a defect. With the aid of computer-simulation calculations, these peaks were in-
terpreted as resulting from a stable low-symmetry configuration of a dopant-F; pair (F; is the
fluorine-ion interstitial), which allows dipole reorientation by motions involving small fractions of
lattice distances. It is then concluded that the intrinsic defect in this crystal is of the anion Frenkel,
and not the Schottky, type,'as had been proposed earlier. Electrical-conductivity measurements on
pure and doped MnF, were then interpreted in terms of this defect model to obtain H,=3.56+0.02
eV for the formation enthalpy of the anion Frenkel defect, H,, =0.10 eV for the migration enthalpy
of the F;, and H ,=1.1 eV for the dopant-F; association enthalpy. The results agree well with the
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computer-simulation calculations given in the following paper.

I. INTRODUCTION

In the study of point defects in ionic crystals, the most
extensive work has been carried out on crystals with cu-
bic symmetry, notably, the alkali halides, silver halides,
and akaline-earth fluorides.!™” Crystals both pure and
doped with aliovalent impurities have been studied. The
various techniques employed in these studies include elec-
trical conductivity, diffusion, EPR, dielectric and anelas-
tic relaxation, and, with the advent of powerful comput-
ers, computer-simulation calculations. In ionic materials
of lower-than-cubic symmetry, some of these experimen-
tal techniques can be even more versatile for identifying
appropriate defect structures. The reason is that many
physical properties of the system (e.g., electrical conduc-
tivity, dielectric constant) have a larger number of in-
dependent components as a result of the more anisotropic
nature of the system.® Thus, by carrying out measure-
ments on noncubic crystals in different orientations, more
information about defect structure and transport can be
derived.

The fluorides that possess the tetragonal rutile struc-
ture (see Fig. 1), such as MgF,, MnF,, and ZnF,, are par-
ticularly well suited to such studies. These materials are
good ionic crystals with large band gaps and are chemi-
cally similar to the cubic alkaline-earth fluorides, e.g.,
CaF, and SrF,, which have been extensively studied. In
the past few years there have been quite a number of in-
vestigations related to the defect structure of such crys-
tals, including electrical conductivity,””!! internal fric-
tion,'>!3 dielectric relaxation,'*'* and atomic diffusion.'6

From their study of electrical conductivity of MnF,
and MgF, doped with various cation dopants, Park and
Nowick® tentatively proposed that the intrinsic defect
was of the anion Frenkel type. On the other hand,
Catlow et al.,!” using computer-simulation calculations,
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reported a distinctly lower energy per defect for the
Schottky defect than for the anion Frenkel in these crys-
tals. The computer program used, however, was the ear-
lier HADESII code, which was designed for cubic crystals,
as well as with cruder F~-F~ potentials than are current-
ly available. In short, the nature of the dominant intrin-
sic disorder in these crystals has remained quite unclear.
In the present work, MnF, single crystals, both pure
and doped (with Er*t and Y37, respectively), and to a
lesser extent Sc**-doped MgF,, have been studied with a
combination of high-temperature electrical-conductivity
and low-temperature dielectric relaxation measurements.
Full use was made of the anisotropic nature of these crys-
tals by studying these properties both parallel and per-
pendicular to the crystallographic ¢ axis. It will be
shown that these measurements give valuable informa-
tion about both the defect structure and transport prop-
erties of the crystals, which also lead to the identification
of the predominant intrinsic defect as the anion Frenkel

O Mn2+

FIG. 1. The tetragonal rutile structure of the MnF, crystal.
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type. The following paper!® then presents the results of
computer-simulation calculations for these systems, using
both a code more suitable to anisotropic materials as well
as more reliable fluorine-fluorine potentials.

II. THEORY

A. Dielectric loss

Dielectric loss'®?° can arise from defects that have a

lower symmetry than that of the crystal in which they re-
side. Such defects possess several crystallographically
equivalent orientations, among which they may reorient
preferentially in the presence of an electric field. If the
electric field is sinusoidal with angular frequency w, one
or more peaks will usually occur in that dielectric loss,
tand, which obey the well-known Debye equation

tand=e" /€' =(8e/€ Yot /(1+w?r?) (1)

where €'',€’ are the imaginary and real parts of the com-
plex dielectric constants, respectively, €., is the relative
dielectric constant at high frequencies, &€ is the relaxa-
tion of the dielectric constant, and 7! is the rate of re-
laxation. For a uniaxial (e.g., a tétragonal) crystal, ex-
pressions of the type of Eq. (1) may be separately ob-
tained for orientations that are parallel (||) and perpen-
dicular (1) to the crystallographic ¢ axis, and each of the
parameters 8¢, €., and T, are, in general, different for the
two orientations.

Equation (1) yields a symmetric peak in a plot of tand
versus Inw centered about the value »,, given by

o, =17""'. )

If the defects reorient by jumping over a barrier, 7~ ! can

be written in the classical Arrhenius form
r =715 lexp(—E /kyT) , A3)

where 7; ! is the preexponential factor, E is the activation
energy, and kT has its usual meaning. Equation (1) can
then be rewritten into the form '

T tand < sech[E /ky T +In(wTy)] 4)

which yields a symmetric peak in a plot of T tand versus
1/T. The peak height is given by

(T tand), =Nyp*/2a€s€ Ky (5

Here, N, is the concentration of the defects (in number
per volume), €, is the permittivity of free space, and a is a
geometric factor, which is 1 and 2 in the || and 1 orienta-
tions, respectively. Finally, p is the component of the de-
fect dipole moment parallel to the ¢ axis or the com-
ponent in the basal plane, for the || and L orientations, re-
spectively. When measured at two angular frequencies,
say @, and o,, the shift of the peak in 1/T, A(1/T), is
given by the following equation:

EA1/T)=kgln(w,/®,) , ‘ (6)

from which the activation energy E may be obtained.
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B. Electrical conductivity

The electrical conductivity! ~® of an ionic system has
contributions from all charged defect carriers. It is often
that one defect species in the system predominates, in
which case the conductivity is given by

o=CNyqpu , (7

where C is the concentration of the predominating defect
charge carrier expressed as a mole fraction, g and pu are
its charge and mobility, respectively, and N, is the host-
cation concentration. Again, there are different values
for u, and therefore for o, in the || and 1 orientations.
For samples doped with aliovalent impurities, the electri-
cal conductivity has the well-known three-stage tempera-
ture dependence: namely the intrinsic, the extrinsic dis-
sociation, and the extrinsic associated regions (also
known as stages I, II, and III, respectively). In general,
the conductivity in each temperature stage assumes the
Arrhenius temperature dependence

oT=Aexp(—H/kT), (8)

where H is the activation enthalpy and A4 is the preex-
ponential, which may be given by

A=X(q*NyZd*W,/Bkg) , ©

Here, Z is the number of equivalent jumps of the defect,
B is a geometric factor, d is the appropriate component of
the jump distance of the migrating defect, and W, is the
jump-frequency preexponential that includes the entropy
of activation factor. For the || orientation, 8=2 and d is
the component of jump distance along the c axis; for the
1 orientation, =4 and d is the component of jump dis-
tance in the basal plane. The quantity X is a factor that
we call the “effective concentration” of the defect carrier;
it is defined in such a way that in stage II it is the actual
defect concentration (as a mole fraction). The expres-
sions for both X and H are different in each of the three
temperature stages.

Both H and X can be derived for specific defect models.
We will now proceed to write down their expressions as-
suming that the intrinsic disorder is anion Frenkel in na-
ture. (A similar derivation may be carried out to obtain
H and X for the Schottky defect model.) _

If the intrinsic disorder is the anion Frenkel pair, the
fluorine vacancy and the fluorine interstitial, designated
by Vg and F;, respectively, the corresponding intrinsic
mass-action equation is

[F;1[Vel=exp(—G;/kpT) , (10)

where [F;] and [ V] denote concentrations of F; and Vg,
respectively, expressed as mole fractions, and G is the
formation free energy of the Frenkel pair given by

G,=H,—TS,, (11)

where H, and S, are the corresponding enthalpy and en-
tropy values. From Egs. (10) and (11) we readily obtain
the expressions for H and X of the intrinsic region, stage
I, given in Table 1. Here, H,, is the migration enthalpy
of the faster-migrating defect, which we will assume to be
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TABLE 1. Expressions for H and X for the three conductivi-
ty stages, based on anion Frenkel model. H, and S, are given
by Eq. (11), H, and S, are corresponding values for associa-
tion, H,, equals the migration enthalpy of the fluorine intersti-
tial (it may be different for || and L orientation), and Cp equals
the total dopant concentration.

Stage H X
I Hf/2+Hm Cxp(Sf/sz)
11 m Cp
111 H,/2+H, (Cp/Z") %exp(S 4 /2kg)

the fluorine interstitial.

At lower temperatures, in the region of stage II, the
trivalent cation dopant must be compensated by F; de-
fects. In the absence of association, the values of H and
X are clearly those given in the second row of Table I.
Finally, at still lower temperatures, association sets in, for
which the mass-action equation is

[F;1[D]/[DF;]=(1/Z")exp( =G 4, /kpT) , (12)

where [F;], [D], and [DF;] denote the mole-fractional
concentrations of fluorine interstitials, isolated dopants,
and pairs, respectively, Z' is the number of equivalent
orientations of the pair, and G 4 is the association free en-
ergy of the pair that obeys an equation analogous to (11).
In addition, one can also write down the following equa-
tions representing charge neutrality and mass conserva-
tion:

[D]=[F;], (13)
[D]+[DF;]=Cp , (14)

where Cp, is the total dopant concentration. In the usual
way, with the aid of Egs. (12)-(14), the expressions for H
and X for stage III, given in Table I, are obtained.

III. EXPERIMENTAL METHODS

The materials used in this study were mainly MnF, sin-
gle crystals. The crystals used were grown in this labora-
tory by the Bridgman-Stockbarger technique in a purified
argon atmosphere.21 One pure, one Er-doped, and one
Y-doped crystal were grown. The dopants were grown in
by adding their fluorides before melting. For comparison
purpose, a Sc-doped MgF, crystal was also acquired from
Optovac Co. Chemical analysis (carried out at Johnson-
Matthey Chemicals, Ltd. England) showed that the
dopants concentrations of the MnF, crystals were 100
and 70 at. ppm for the Er- and Y-doped crystals, respec-
tively, while that of the MgF, crystal was 20 at. ppm of
Sc. Thin plates of the crystals were cut in such a way
that the normal to a plate was either parallel (|| sample)
or perpendicular (1 sample) to the tetragonal axis (c axis).
The samples were designated in such a way to indicate
both the dopant identity as well as the sample orienta-
tion, and unless otherwise specified, indicate a MnF, sam-
ple. Thus a ||-Er sample indicates an Er-doped MnF,
sample that has its normal parallel to the c axis. The di-
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mension of a sample was typically 1.2X1.2X0.12 cm?.

Silver paint (Engelhard flexible silver coating no. 16)
was applied to the samples in a three-terminal
configuration: a central electrode and an outer guard
ring on one face, and a full electrode on the other. The
electrodes were then cured by heating slightly in air with
the aid of a 150-W General Electric spot light.

Both MnF, and MgF, crystals were subjected to the
dielectric-loss study. In this measurement, the sample
was placed inside a Janis Research Super Varitemp cryo-
stat, and the temperature varied between 3 K and room
temperature. The sample temperature was monitored
and controlled by a Lake Shore type-DRC80C tempera-
ture controller with a silicon-diode sensor. The MnF,
crystals were also subjected to the electrical-conductance
study. In this measurement the sample was placed inside
an air-tight fused-quartz chamber containing a purified
helium atmosphere. The temperature range covered was
mostly from room temperature to 700 °C, but to 900°C in
the case of the pure MnF, samples. The temperature was
monitored with a Pt/(Pt+10% Rh) thermocouple placed
near the sample.

Both dielectric-loss and conductance measurements
were made using an automated bridge assembly (Carl An-
deen Associates), which is an automated version of the
General Radio type-1615-A bridge. Measurements were
made at 17 different frequencies covering a range from 10
Hz to 100 kHz. The dielectric-loss measurements of the
Y-doped MnF, samples, however, were made at only 1-
and 5-kHz frequencies. The electrical conductance is an-
alyzed with the ac complex-impedance method to
separate the bulk conductance, with which the lattice
conductivity can be calculated, from that due to other
effects.”?"2* Figure 2(a) shows an idealized equivalent
circuit of the sample, in which each parallel RC circuit
represents one process contributing to the overall con-
ductance. Figure 2(b) shows the complex-impedance dia-
gram of this circuit, with the negative imaginary part Z"’
plotted against the real part Z’. The higher-frequency

(a) Cp Ce
RB Re
Bulk Electrode
(b)

Increasing frequency

_Z"

electrode arc

Rg Re

FIG. 2. Schematic diagrams of (a) the equivalent circuits
representing the sample, and (b) the corresponding complex-
impedance diagram.
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FIG. 3. The dielectric-loss spectra of MnF, single crystals measured at 1 kHz: (a) ||-Er, (b) 1-Er, (¢) ||-Y, (d) L-Y, () ||-pure, and (f)
l-pure. The insets of (b) and (d) magnified the small peaks at higher temperature in their respective crystals.

arc is due to the bulk effects, and the low-frequency one
to the electrode effects. In reality, the electrode behavior
is usually not so simple.?>?> The important point here is
that the bulk resistance Ry can be obtained from the in-
‘tersection of either arc with the real axis.

IV. RESULTS

The results obtained from dielectric-loss and electrical
conductivity measurements are described below.

A. ac dielectric loss

Both the MgF, and the MnF, crystals were studied
with the dielectric-loss technique. No peak was observed

in the Sc-doped MgF, sample, nor in the pure MnF, sam- .

ples. Several low-temperature loss peaks, on the other
hand, were observed in the doped MnF, samples. Figure
3 shows the dielectric-loss spectra (measured at 1 kHz
frequency) of the pure and doped MnF, between 3 and
150 K in both || and 1 orientations. It can be seen that
the spectra of all the doped samples display some similar
features: a prominent peak at about 26 K in the 1 orien-
tation, and another at about 5 K in the || orientation. In
addition, the 1-Er sample had two smaller peaks trailing
the main peak at higher temperatures, whereas the 1-Y
sample has only one. The ||-Y sample, on the other hand,
showed a small peak at about 26 K, which had no analo-
gue in the ||-Er sample. Henceforth we shall refer to all
peaks by their temperatures at 1 kHz.

Figures 4(a) and 4(b) show, respectively, the T tand
versus 1/T plots of the L 26.0-K and the || 5.5-K peaks
observed in the Er-doped MnF,, both measured at 1 and
5 kHz frequencies. Their activation energy E can thus be
calculated from the frequency shift by Eq. (6), and their
7o values from the location of the peak by Egs. (2) and (3).

This calculation was straightforward for the 1 26.0-K
peak, which is symmetric and deviates little from an ideal
Debye peak given by Eq. (4). The same thing, however,
cannot be said about the || 5.5-K peak, which is lopsided
and does not have a constant frequency shift, especially
at the low-temperature side. A rough estimation of its
activation energy is nevertheless obtained from the aver-
age frequency shift at the high-temperature side of this
peak, and its 7, value from the peak location at 1-kHz.
Similar observations and calculations were made for the
Y-doped MnF,. The peak parameters thus obtained are
listed in Table II.

The height of the small dielectric-loss peaks observed
in the doped samples at higher temperatures are not large

Temperature (K)
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FIG. 4. Plot of T tand vs 1/T for the dielectric-loss peaks ob-
served in Er’**-doped MnF, crystals, ®, measured at 1 kHz; O
at 5 kHz. (a) || 5.5-K and (b) 1 26.0-K peaks.
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TABLE II. Summary of the various parameters of the dielec-
tric loss peaks observed in the Er- and Y-doped MnF, crystals.

Tmax E T()_l
Dopant (K) 10%(tan ) pay (meV) (s7hH
Parallel
Y3+ 4.8 41 7.2 9.4x 10"
27.5 3
Er*t 5.5 104 7.5% 3.2X10'°
Perpendicular
Y3+ 28.5 331 46.4 8.5x 10"
79.5 12 144 7.6X 10"
Er’t 26.0 185 37.1 8.5X 10"
79.0 6 149 1.6Xx10"
108.0 4 167 3.5x 10"

*These activation energies are obtained from the average fre-
quency shift at the high-temperature side of the lopsided low-
temperature dielectric-loss peaks (see Fig. 4).

enough to allow for accurate analysis. They do, however,
seem to have constant frequency shifts consistent with
Eq. (6), which was used to obtain an estimate of thelr
peak parameters listed in Table II.

The activation energy of the 5.5-K peak in ||-Er MnF,
was obtained with greater accuracy with Eq. (3) in the
following manner. Since the measurements on this sam-
ple were made over a range of frequencies, the peak can
be plotted as T tand versus Ino instead of versus 1/T, as
shown in Fig. 4. The temperature-dependent relaxation

Temperature (K)
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FIG. 5. Plot of 7! vs 1/T for the 5.5-K dielectric-loss peak
observed in the ||-Er MnF, crystal. The dashed curve is ob-
tained by fitting the equation 77 '= AT +veexp(—E /kpT) to
the experimental data, with 4 =107.9 K™}, v,=8.75X10° s},
and E=6.00 meV.
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FIG. 6. Plots of relative dielectric constant €, of Er’**-doped
samples as a function of temperature for both the || and 1 orien-
tations. The antiferromagnetic transition of MnF, at T, =67 K
is indicated in the diagram with a vertical dashed line.

rate 7~ ! is then obtained from the location of the peak by
Eq. (2) for various temperatures. The result is shown in
Fig. 5 as a plot of 77! versus 1/7. It can be seen that at
low temperature 7! goes roughly as T, whereas at
higher temperature it obeys an Arrhenius relationship.
In other words, 7~ ! goes as AT +vyexp(—E /kpT). The
dashed curve in Fig. 5 is obtained by fitting this equation
to the experimental data. The values of the best-fitted pa-
rameters are 4=107.9 K™!, v,=8.75X10° s, and
E=6.00 meV. These are slightly different from those
listed in Table II, which is not unexpected. It is not
surprising that such a temperature-dependent behavior of
71 is observed for this low-temperature dielectric-loss
peak. In fact, this phenomena had been reported for
several other systems.?®?” and is attributed to the onset,
at very low temperatures, of single-phonon-assisted tun-
neling as the mechanism for the reorientation of the de-
fect complex involved.

Figure 6 shows the plots of the relative dielectric con-
stant, which was obtained from the measured capaci-
tances, versus temperature for the Er-doped MnF,. It
can be seen that there are anomalies in these curves. The
anomalies at about 67 K, i.e., the minimum in the ||
direction and the inflection in the L direction labeled
“B,” were common to all MnF, samples. The anomaly at
about 26 K, i.e., the inflection in the 1 direction labeled
“A,” on the other hand, was observed only.in the Er- and
Y-doped samples. It is noted that 67 K is the well-known
MnF, antiferromagnetic transition temperature,28 conse-
quently, it is believed that the 67-K anomalous behavior
of the dielectric constant observed here is associated with
this phase transition. The 26-K anomalous behavior, on
the other hand, is believed to be associated with the
26-28-K 1 dielectric-loss peaks in the doped samples.

B. Electrical conductivity

The frequency-dependent complex impedance of the
doped MnF, samples was measured from room tempera-
ture up to 700°C, and that of the pure MnF, up to
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frequency arc near the origin that corresponds to the
bulk process, and a depressed low-frequency arc (only the
beginning part of which is seen in the plots shown) that
corresponds to the electrode process. The doped samples
showed a well-defined bulk arc from room temperature
up to 600°C. Above 600°C the bulk arc moved beyond
100 kHz (which is the high-frequency limit of our equip-
ment), rendering the extraction of bulk resistance impos-
sible. The pure samples did not show a bulk arc until ap-
proximately 300 °C, which then remained well defined up
to 900°C. ‘

The electrical conductivities thus obtained from the
complex-impedance analysis as functions of temperature
are then shown in Fig. 8 as logg(oT) versus 1/7. It is
clear that at the lower temperature the doped samples,
except the 1-Y sample, had conductivities several orders
of magnitude higher than that of the pure ones. This in-
dicates that the doping was successful, and that the con-
ductivities observed were controlled by the dopants in the
solid solution.

The doped MnF, samples all showed well developed
low-temperature stages. These are assigned to stage II1
for reasons to be shown in Sec. V. The stage-III regions
of both ||- and L-Er-doped samples showed similar slopes
and yielded the same value of 0.64 eV for Hy,, even
though the conductivities of the L sample were about
twice that of the || one. The conductivity curve of the ||-
Y sample was close to, and parallel to, that of the Er-
doped samples, yielding a Hy;; =0.65 eV. The curve of
the 1-Y sample, on the other hand, showed a very
different behavior. Its magnitude was much lower than
that of the other doped samples; in fact, at 150°C the
conductivity of this sample was about 4 orders of magni-
tude lower than that of the ||-Y sample. It also has a
much steeper slope, resulting in a much higher Hyy; of
1.20 eV. At temperatures slightly above 150°C, the con-
ductivity curves for the Er-doped and ||-Y samples start-
ed to bend over, apparently into stage II, the extrinsic
dissociation region. This stage, however, was not well

FIG. 8. Plot of oT vs 1/T for pure and Er- and Y-doped
MnF, crystals, both in the || and 1 orientation.

defined for these samples. No such bending over was ob-
served for the L-Y sample. To check these observations
on the doped samples, we measured four additional sam-
ples, one each for both orientations and for both dopants.
The same kinds of behavior were observed.

The conductivities of the pure MnF, samples were
several orders of magnitude lower than that of the doped
samples throughout the temperature range covered. This
was taken as an indication of the high degree of purity of
these samples. The 1 sample showed a well-defined stage
above 450 °C, and the || one above 650°C. Their conduc-
tivity curves came close together at about 650°C, such
that they both had similar magnitudes and slopes be-
tween 650 and 900°C. This raised the possibility that the
high-temperature stage corresponds to stage I, the intrin-
sic region. Unfortunately, the usual way of identifying
stage I—by the joining of the curves for samples with
different dopant concentrations at elevated tempera-
ture—was not applicable here because of the limited
number of samples available, as well as the failure to ob-
serve the first arc above 600°C for doped samples. In-
stead, this claim will be further supported in Sec. V by
analysis of the preexponentials.

The activation enthalpies H and preexponentials A of
the various samples were determined simply by laying
down a ruler on the straight regions of the conductivity
plots; they are listed in Table III. Also listed in this table
are the effective concentrations X calculated from Eq. (9),
which will be discussed later.

The pure MnF, samples suffered an irreversible in-
crease in conductivity when heated above 600 °C (see Fig.
9), especially for the || orientation. Irreversibilities were
not observed in the doped samples up to 700°C. This
effect is believed to be due to the contamination of the
samples by trace amounts of oxygen in the helium gas
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TABLE III. Summary of the activation enthalpies and preexponentials from the conductivity plots

for Er-doped, Y-doped, and pure MnF,.

Dopant Hl (eV) A Ia Xl HIII (eV) A [I]a XIH
Parallel
Er3* 0.64 4.20X 10° 2.03x1073
Y3t 0.65 2.47%10° 1.19%x 1073
Pure ~1.89 2.76 X 108 133
Perpendicular

Er’* 0.64 1.21x10* 2.70X 1073
Y3t 1.20 3.8910° 0.87X10°
Pure ~1.86 6.65X% 107 15

2The dimension for the preexponential is @ ! cm ™! K.

used to fill the sample chamber, which seemed to be
present despite our efforts to purify the helium gas.

V. DISCUSSION

In this section the dielectric-loss data will be examined
first in order to determine the defect complexes that
caused the relaxation peaks found in the doped MnF,
crystals. We will concentrate on the prominent peaks
(which are at roughly S K in the || direction and 26-28 K
in the 1 direction, respectively) in this discussion. The
conductivity data will then be examined to determine
what are the predominant charge carriers and their mi-
gration mechanisms. The atomic configurations about
the defects, as obtained from computer-simulation calcu-

lations,'® are used to provide possible defect models for
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FIG. 9. Plot of o T vs 1./T for two pure MnF, crystals show-
ing the change in o resulting from heating to high temperatures.
O and A denote the data of the as-prepared sample, ®, and A
the data obtained on the second run, presumably after oxygen
contamination.

this study. A basic assumption made in this discussion,
that the aliovalent impurities are compensated by one
member or the other of the intrinsic defect, is generally
accepted from an energetic viewpoint, and is also sub-
stantiated by the study of other ionic crystals.

Since the various peaks were observed only in the
doped MnF, samples, one can conclude that these peaks
are the manifestation of defect complexes involving the
aliovalent dopants. These peaks are observed at cryogen-
ic temperatures, and with very low activation energies (in
the meV range). Thus it is unlikely that they are caused
by defect jumps on the scale of the lattice separation. In-
stead it is more likely that they are caused by the reorien-
tation of some “off-center” (more generally, “off-
symmetry”’) type of defect configuration through a frac-
tion of a lattice distance.?® Figure 4 shows, aside from
the low-temperature side of the || 5-K peaks, that the re-
laxations causing the prominent peaks obey Eq. (4). This
implies that these peaks are due to simple defect com-
plexes, such as a pair formed by the dopant and its com-
pensating defect. The peaks in the L samples occurred at
higher temperatures and had higher relaxation energies
than those in the || samples, indicating that they are due
to different and independent relaxation modes of the
same defect. This is, therefore, a case of a “frozen-free
split” relaxation phenomenon.?®

There are several possible simple defect complexes in-
volving the substitutional aliovalent dopants D that may
give rise to these observed peaks.

(1) Off-center D: This would have several equivalent
lattice sites, and a net dipole moment.

(2) The DV, charged pair: If the predominant intrin-
sic disorder were of the Schottky type, every two dopant
ions would be compensated by a manganese-ion vacancy,
Vyn- A vacancy and a dopant ion could then be bound
together to form this defect pair, which carries an
effective negative charge.

(3) The DF; neutral pair: If the predominant intrinsic
disorder were of anion Frenkel type, D would be compen-
sated by an F;, and the two could associate to form this
pair as in Eq. (12).

The off-center D is not a likely center to account for
the observed peaks. In other systems where relaxation
due to off-center ions has been observed the ions involved
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are invariably smaller than the host ions, which presum-
ably give them room to go off center.?® In the systems
studied here, the ionic radii of Er’" and Y** are 0.88 and
0.89 A, respectively, which are actually larger than the
0.80-A radius of the host Mn2™" cation.

The charged pair, DV, is not a likely possibility ei-
ther. The calculations carried out by Cormack et al.'®
for this defect pair show that it retains its symmetry
about the (111) axis, and does not form an off-
symmetry-type defect complex. As a result, the vacancy
would have to jump among its crystallographically
equivalent sites about the dopant in order for the pair to
reorient. The energy involved in such a vacancy jump
over a lattice distance is typically several tenths of eV,
which is too high to account for the observed energies,
which are in the meV range (see Table II).

‘The neutral pair involving the fluorine interstitial DF;,
on the other hand, can explain the various observations
made on these peaks. The computer-simulation calcula-
tions for this defect system show that the F; of the defect
pair pushes one of its neighboring fluorine ions, which
also sits next to the D, off its lattice site to form a split in-
terstitial (shown in Fig. 10 for the case of an Er’t
dopant). This results in two interstitial F~ ions, which
are displaced slightly and asymmetrically to the opposite
sides of the (001) plane that contains the Er ion. They
are also located at different distances from the (110) diag-
onal plane passing through the Er ion. This con-
figuration thus constitutes a triclinic defect. By the crys-
tal symmetry, there two interstitial ions also have respec-
tive equivalent positions across the (001) as well as across
the (110) planes. [The equivalent positions across the
(170) diagonal plane are indicated by the arrows in Fig.
10.] Thus, the defect configuration shown in Fig. 10 is
capable of reorienting its dipole moment through small

+0.103

-0.037

y
J— X
, O
Er3* F
FIG. 10. The fluorine split-interstitial configuration of an
ErF; pair in the MnF, system. The (001) plane containing the
dopant is the plane of the page. The numbers associated with
the ions indicate their respective displacement from this plane.
The end of arrows mark the respective equivalent sites of the

two F;’s across the (110) diagonal plane that passes through the
dopant. -
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motions both || and 1 to the ¢ axis. The two fluorine ions
and the central dopant can give rise to the two desired re-
laxation modes in the following manner. At low temper-
atures they can flip to their respective equivalent posi-
tions across the (001) plane with a very low activation en-
ergy, giving rise to the || 5-K peaks. The very small jump
distance and the low activation energy could then allow
phonon-assisted tunneling of the two fluorine ions
through the energy barrier, giving rise to the observed
temperature dependence of the jump rate 7!, shown in
Fig. 5. At higher temperatures (approximately above 10
K) this motion takes place so rapidly that the mean loca-
tions of both fluorine ions may be regarded as being on
the (001) plane. They can then reorient within the (001)
plane in the manner indicated by the arrows in Fig. 10
with a higher activation energy. This process gives rise
to the perpendicular peaks at 26-28 K.

It is interesting to note that calculations made on the
Sc-doped MgF, system resulted in similar split fluorine
interstitials about the substitutional Sc, except that the
two fluorine ions were found to be symmetric about both
the (001) and the (110) planes containing the Sc.!® This
implies that the ScF; pair cannot give rise to the kind of
low-temperature dielectric-loss peaks found in the doped
MnF, crystals, which is consistent with our failure to ob-
serve any low-temperature relaxation in Sc-doped MgF,.

Assuming the same dopant concentrations in both ||
and | samples prepared from the same crystal, the ratio
of the components of dipole moment, p/p,, can be cal-
culated from the heights of observed peaks utilizing Eq.
(5). From Fig. 6, the values of €, of MnF, are 5.9 at 5 K
in the || orientation and 6.9 at 26 K in the 1 orientation,
respectively. Using these values, this ratio is found to be
0.23 and 0.09 for the Er- and Y-doped MnF, samples, re-
spectively. The simulation calculations'® give the atomic
arrangement about the defects, from which the dipole
moments can be calculated. The p/p, ratios are then
found to be 0.61 and 0.41 for the ErF; and YF; pairs, re-
spectively. It should be noted that the computer-
simulation calculations of ionic locations are very sensi-
tive to the potentials used,®® which puts a limit on the
precision of the calculated results, so that the calculated
ratio should only be viewed as a rough estimate. Even
though not in quantitative agreement, both the experi-
mental and simulation results agree that py is less than
Py
The smaller dielectric-loss peaks found in the doped
samples at higher temperatures are probably due to some
higher-order defect complexes involving the cation
dopants. Their low activation energies again make them
likely to be the manifestation of some off-symmetry type
of defect complexes. At this moment we do not have
candidate models for them, although it is possible that
the small 27.5-K peak for the ||-Y sample may be simply
a manifestation of the very large 1-Y peak due to a slight
misorientation of the sample.

One of the goals of this work is to resolve the earlier
controversy about the nature of the predominant intrinsic
disorder in these systems, i.e., to determine whether it is
of the Schottky or anion Frenkel type. The above
analysis of the dielectric relaxation peaks has shown that
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the defect pair present in the MnF, samples is one con-
taining fluorine interstitials, and not the manganese va-
cancy. This means that the compensating defect of the
dopant is F;, which can be present only if the intrinsic de-
fect is the anion Frenkel pair. Thus, an important and
unexpected corollary that can be drawn from the above
analysis of the dielectric-loss data is that the predominant
intrinsic defect of crystalline MnF, is the anion Frenkel
defect. The more refined computer-simulation calcula-
tions of intrinsic defect-formation energies by Cormack
et al.'® now support this conclusion.

We now turn to the conductivity results. Since the in-
trinsic defect of MnF, crystal is the anion Frenkel pair,
the predominant charge carriers in the Er*t- or Y37
doped samples are fluorine interstitials that compensate
the cation dopant. The values of the effective concentra-
tion X can then be calculated from the preexponentials A
using Eq. (9). The constants used in this calculation are
Z=8, W,=10" s7!, and d=1.65 and 3.52 A for the ||
and 1 orientations, respectively. The values of d used
here are based on the assumption that F; migrates by the
interstitialcy mechanism shown in Fig. 11, which will
later be shown to be the case. The effective concentra-
tions thus calculated are listed in Table III. Since the
nominal concentrations of Er and Y in the doped crystals
are known, values of Xy for the doped samples can alter-
natively be calculated with the equation given in Table 1.
Using Z'=4 and taking S, =0, the Xy values thus cal-
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culated are found to be in the range of several times 1073,
which are consistent with those listed in Table III, with
the exception of that for the 1-Y sample.

The stage-III conductivity of the L-Y sample seems
anomalous at first glance. Its Hyy value is almost twice
that of the other doped crystals, while its Xy;; value is
close to unity. One possible interpretation of these re-
sults is that the steep curve of the 1-Y3" sample is the
only true stage III, while the more gentle low-
temperature curves for the other doped samples are actu-
ally stage II. This interpretation, however, faces three
difficulties: (a) it leaves no possible explanation for the
decrease in slope above 150 °C observed in all doped sam-
ples except the L-Y one, (b) the values of the effective con-
centration X of these samples listed in Table III are in-
consistent with those expected of stage-II values (viz., of
the same order of magnitude as the dopant concentra-
tions, or 10™%), and (c) the effective concentration of the
1-Y sample, X =0.87, is not consistent with that expected
for stage-III behavior. Therefore we conclude that the
curves with activation energy of 0.64-0.65 eV of the ||-
Er, 1-Er, and the ||-Y samples indeed represent stage II1.

The anomalous steep slope for the L-Y sample can be
explained, however, if one assumes the presence of a
small amount of oxygen contaminant in this sample. The
dopant in the sample would then be compensated not
only by F;, but also by substitutional oxygen, Op. The
charge-neutrality condition, Eq. (13), then has to be

F-interstitial

©

FIG. 11. The fluorine split-interstitial configuration of an isolated F; in MnF, crystal. The arrows indicate the migration paths of
the fluorine ions via the interstitialcy mechanism. The locations of the center of mass (i.e., center of charge) of the F; pairs are indi-
cated by the minus signs. The ions and the final positions that are located at one-half the c-lattice spacing above the basal plane are
labeled 1.
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rewritten:
[D]=[F;]+Co , (15)

where Cg is the mole fraction of the oxygen contaminant.
In stage III almost all of the F; are combined with D, so
that Co >>[F,], i.e., the concentration of free fluorine in-
terstitial. When Eq. (15) is then combined with Eq. (12),
the modified stage-III activation enthalpy and effective
concentration are found to be

Hy=H,+H, , (16)

Xm=(Z")"(Cp—Co)/Colexp(S 4 /2kg) .  (17)
In Eq. (16), Hyy differs from that appearing in Table I in
that H, now appears without a factor of 1. This
difference can then explain the larger stage-III activation
enthalpy observed for the L-Y sample. In addition, so
long as C, takes on values of a few ppm, both numerator
and denominator of the second term of Eq. (17) have
values in the ppm range. The result is that X;; has the
order of magnitude of unity, again consistent with the ob-
servation made on the 1-Y sample. Note that for this ar-
gument to be valid we require that C be large only com-
pared to [F;], and not to Cp,. In other words, only a very
small amount of oxygen presence is needed for this anom-
alous behavior to occur. These results then imply that
for the Y-doped samples only the L sample, and not the ||
one, was contaminated with oxygen. Since the two sam-
ples were cut from different parts of the same mother
crystal, this results could come about if there were an in-
homogeneous oxygen distribution in this crystal. Unfor-
tunately, we did not have another Y-doped MnF, crystal
that would have permitted us to verify this hypothesis.
Nevertheless, since this hypothesis provides the only
reasonable interpretation of all the data, we shall assume
that it is correct.

It is interesting to note the oxygen contaminant is ex-
pected to enter the solid solution by subsitituting for
fluorine ion, i.e., in the form of Of. Its compensating de-
fect, irrespective of whether the intrinsic disorder is of
the anion Frenkel or Schottky type, would then be the
fluorine vacancy, Vg. This is precisely the defect re-
quired to produce oxygen diffusion via the vacancy-
migration mechanism. The trivalent cation dopant D
carries an effective charge of 1+. It is of the same sign as
that of Vg, so that the presence of the cation dopant
suppresses the Vi concentration and, in turn, hinders ox-
ygen from diffusing into the crystal. This may explain
why irreversible increases in conductivity are found in
the pure samples but not in the doped samples. The fact
that the 1-pure sample did not show as much conductivi-
ty increase as the ||-pure one (see Fig. 9) also indicates the
oxygen has a lower diffusivity in the 1 than in the || direc-
tion. This observation is very similar to that found in the
MgF, system.’

The fact that the values of Hyy are similar in the || and
1 Er-doped samples means that the H,, values of the
fluorine interstitial in the two orientations are very close
to each other. This observation can be accounted for by
either one of the following two different models on F; mi-
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gration. In the first model a single F; jump contributes to
conductivities in both orientations, so that the corre-
sponding H,, values are identical. In the second model
the F; migrates with two different jumps in || and 1 orien-
tations, respectively, but by coincidence, these jumps
have very similar activation enthalpies. Computer-
simulation calculations'® suggested that both models are
possible. The calculations carried out on an isolated F;
showed that there are three interstitial configurations
(viz., tetrahedral, octahedral, and split interstitial) that
are stable and have similar energies with the split intersti-
tial marginally favored over the others. The implication
of this finding is that the F; may go from one of these
configurations into another very easily. This suggests an
interstitialcy mechanism as shown in Fig. 11, which has
as .its transition state the F; sitting either at the
tetrahedral or octahedral site. This migration mode has
both || and L components and fits the description of the
first model. Since this jump involves the combined
motion of three F,’s, an estimate of the upper bound of
its activation energy can be obtained from the largest ac-
tivation energy of the individual F; jumps. According to
the calculations, this value is given by the 0.19 eV for the
F; movement in the || direction, and agrees well with the
experimental value of 0.10 eV which will be shown to be
the case in the later part of this paper. For the second
mode, the same calculations resulted in migration ener-
gies 0of 0.12 and 0.19 eV for F; migrations along the ¢ axis
and in the basal plane, respectively, with a difference of
only 0.7-eV between them. In order to decide between
these two models, we have calculated from them their
respective conductivity anisotropy ratios and compared
them with the experimental value. The expression for
this ratio is obtained by applying Egs. (8) and (9) to both
orientations and is found to be

oy/o,=2d}/d?), (18)

where the subscripts indicate the orientations of the cor-
responding quantities, and the factor 2 comes from the
geometric factor B. For the first mode, using d|=1.65 A
and d, =3.52 A, this ratio is calculated to be 0. 44 These
d values are that of the components of the jump distance,
along and perpendicular to the ¢ axis, respectively, be-
tween the two negative charge centers shown in Fig. 11.
For the second model, on the other hand, the d values
used are obtained from the F; migration paths considered
in the calculation. These are d =3.31 A (which is the
lattice constant ¢), and d, =3. 52 A. The corresponding
conductivity anisotropy ratio is then found to be 1.76 for
the second model. Clearly, only the ratio obtained from
the first model agrees reasonably well with the experi-
mental value of approximately 0.30 (measured at
10°/T=3.2 K~ ! in Fig. 8 for the Er-doped samples).
Thus it is concluded that the F; migrates with an intersti-
tialcy mechanism.

The expression for Hyy given in Table I yields, when
inserting the experimental value for the Er-doped sam-
ples in either the || or 1 orientations,

0.64 eV=H ,(Er)/2+H,, , (19)
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TABLE IV. Summary of the various enthalpy values ob-
tained.

Defect
and/or Value
Enthalpy defect complex (eV)
Association enthalpy H 4 ErF; 1.08
YF; 1.10
Migration enthalpy H,, F; 0.10
Formation enthalpy H, Vg+F; 3.56+0.02 -

where H ,4(Er) is the association enthalpy of the defect
pair involving the Er dopant. For the Y-doped samples,
the following equations are obtained for the two
differently oriented samples [utilizing Eq. (16) for the 1
case]:

0.65 eV=H ,(Y)/2+H,, , (20)
1.20 eV=H ,(Y)+H,, . 1)

Note that the same H,, is used in all three equations,
since, in all cases, it is the migration enthalpy of F; via
the interstitialcy mechanism. Solving these equations,
one obtains the numerical values for H ; and H,, listed in
Table IV.

These values seem reasonable when compared to those
obtained from computer-simulation calculations,'® which
yield 0.97 and 0.77 eV for H ,(Er) and H ,4(Y), respective-
ly, and 0.1-0.7 eV for activation energy of the F; migra-
tion. The good agreement of these numbers also provides
further support for our earlier assumption that the L-Y
sample is influenced by oxygen contamination.

The conductivity curves of both the || and L-pure sam-
ples came together at high temperature (see Fig. 8). This
give rise to the possibility that the high-temperature
stages of these samples are truly the stage-I region. To
check this possibility, the value of the formation entropy
factor is calculated from the effective concentrations list-
ed in Table III, X; with the equation in Table I. It is fur-
ther noticed that the 1 sample shows a much longer
straight-line region at high temperature, and thus pro-
vides the more accurate value of X;. The formation en-
tropy thus obtained from the preexponential of the 1
sample is Sy /kp =5.4, which is quite reasonable for such
a Frenkel defect.’! Thus it is concluded that the high-
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temperature stage in the pure sample is consistent with a
stage-I interpretation.

The value of Hj listed in Table III falls in the range of
1.87£0.02 eV. Assuming F; to be the dominant defect
charge carrier in stage I, the expression for Hy is given in
Table 1. Since H,, was determined earlier to be 0.10 eV,
the formation enthalpy of the anion Frenkel pair is then
found to be H;=3.56+0.02 eV. We compare this with
the calculated anion Frenkel formation energy of 2.92 eV
obtained from computer simulation!® and find the agree-
ment quite acceptable considering the uncertainties in the
calculation.

VI. CONCLUSIONS

It is noteworthy that in the present work, by studying
the anisotropic properties of MnF, crystals, we are able
to obtain important information leading to a defect mod-
el, as well as to some explicit quantitative results. The
defect model is a self-consistent one in that it explains our
various experimental observations on the doped as well as
the pure MnF, crystals in both the || and 1 orientations.
The more important findings of this work are summa-
rized below.

(i) The intrinsic defect of crystalline MnF, is the anion
Frenkel defect.

(ii) The trivalent cation dopants in MnF, are compen-
sated by the fluorine interstitial F;. At moderate temper-
atures they combine to form neutral defect pairs in which
the F; is in a low-symmetry split-interstitial
configuration. This configuration gives rise to the
dielectric-loss peaks observed at cryogenic temperatures.

(iii) The predominant charge carrier that contributes
to the conductivity is the F;, which has a split
configuration and migrates by the interstitialcy mecha-
nism.

(iv) The various enthalpy values obtained are listed in
Table IV.
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