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The EPR of the Mn +-doped superionic conducting fluorites CaF2, SrF2, and BaF2 has

been studied at high temperatures at 9.3 GHz, and that of PbF2 and SrC12 at 22 GHz as
well. In the fluoride compounds, the ' F transferred hyperfine structure (hfs) that is super-

imposed upon each "Mn hfs component is observed to collapse when the F hopping rate
w exceeds the ' F hfs coupling A" '/A. The integrated intensity, m'"', and frequency

dependence of the line profiles have been used to identify (in addition to static dipolar
broadening) three distinct line-broadening mechanisms: (1) a quasistatic, nonlocal distortion
of the cubic crystal field that results from the growth of ion disorder with increasing T, (2) a
local, dynamic broadening related to enhanced anharmonic phonon effects, and (3) a com-
bined Mn +-concentration —and T—dependent "collision" broadening which proceeds via

dipolar encounters between diffusing Mn + ions and is proportional to their hopping rate,
w+. The latter mechanism is closely related to the effects of "magnetic tagging" on the ' F
NMR relaxation in Mn-doped PbF~.

I. INTRODUCTION

The fluorite-structure —type superionic conductors
(e.g., PbF2} have become of increasing interest in the
systematic study of anion-sublattice disorder. ' One
reason for this is that there are large differences in
the anion mobility and the degree of disorder, as a
function of temperature, in the isostructural com-
pounds CaF2, SrF2, BaF2, PbF2, and SrC12. These
systems have been explored with a variety of experi-
mental and theoretical techniques. In the present
work we survey and compare the effects that rapid-
ion motion have on the EPR of Mn + impurity sub-
stitutionally doped for the cations in the fluorites.

While NMR has been extensively employed to
characterize the ion motion in "pure" superionic
conductors, it is only relatively recently that mag-
netic atoms have been introduced in an attempt to
"tag" the microscopic character to the motion from
the effects they produce on the nuclear relaxation
rates 1/T& and 1/T2. ' Complementary to the
NMR work, a high-temperature study of the EPR
of Mn + in PbF2 was made in our laboratories.
This first use of EPR as a probe in superionic con-
ductors gave two interesting results: (1) As the tem-
perature increased, the F transferred hyperfine
structure (hfs) that is superimposed on each Mn
hfs component collapsed as the F hopping rate m

became comparable with the hfs coupling A" '/A;
and (2) at still higher temperatures, the linewidth
(ddt) showed a dependence on the Mn nuclear
quantum number m' ' at high temperatures which
was interpreted as resulting from dynamic crystal-

field modulation.
In the present work we extend the latter study to

include the concentration (c) dependence, if any, of~ vs T in Mn +-doped PbF2 and CaF2, SrF2,
BaF2, and SrC12 as well. A related study was made
of Fe + in PbF2 and will be reported elsewhere.

Our effort was directed towards understanding
the c and T dependence of the dynamical contribu-
tions to the linewidth. These can only be investigat-
ed at temperatures above which the ' F transferred
hfs has totally collapsed. In this high-temperature
region one does not expect the linewidth to be aniso-
tropic and, therefore, no attempt was made to study
the angular dependence in single crystals. ' In fact,
because it is much easier to prepare random disper-
sions of the dopant by rapid quenching from the
melt, only polycrystalline materials were used in this
investigation. Doing so had the additional advan-
tage that a maximum filling factor for the EPR
sample holder could be achieved, an essential con-
sideration in this work because the signal-to-noise
ratio deteriorates rapidly at the very high tempera-
tures for various reasons.

Spin Hamiltonian

The spin Hamiltonian describing the electronic
spin energy levels of a single Mn + ion substituted
for the divalent cation of fluorite-type crystals is
given by '

S ~ ~ ~(i9)
A =gq HS+A' 'I S+ gSA; I;Pg
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The first term is the Zeeman splitting, the second
the hfs interaction between the electronic and nu-
clear spins of Mn +, and the third the transferred
hfs of the Mn + spin with the eight, I=—,,

' F nu-
clei of the sc anion cage surrounding it. Not includ-
ed is a cubic-field splitting term [shown to be negli-
gibly small in Mn:CaFq (Ref. 8) and in Mn:PbF&
(Ref. 7)] or the "Mn or ' F nuclear Zeeman terms.
Although inclusion of the latter was necessary to
reproduce the single-crystal spectra of Mn:CaFz in

I

detail, it is unimportant in understanding the
powder EPR of Mn in fluorites. In the case of
SrC12 the last term in (1) would be replaced by a
Mn +- ' Cl transferred hfs interaction, which is
considerably smaller.

First, consider the effects of the ' Mn hfs on the
EPR spectrum, above. At a constant frequency coo,

the allowed electronic transitions (m—:m }(55)

~M —l,m)~ ~M, m, ), to third order in A' '/H,
occur at fields H given by

H =Ho —A' s'rn —[(A' ') /2H][I(I+1) m —m—(2M —1)]
—[(A' ') /2H ]I(2M —1)[2I(I+1)—3m ]—m[S(S+1)+I(I+1)—2 —m ]+3mM(M —1)I,

where Ho ——ficoo/gp~. Note that the second-order
term induces a fine-structure splitting of the other-
wise degenerate electronic transitions resulting in a
nearly symmetric (vis-a-vis m++ —m) m dependence
to the absorption line shape. The contribution of
the third-order term is to destroy this symmetry,
causing the different electronic transitions of the
m =+—, hfs (higher field; A' '&0) coinponent to
almost collapse into a single line. Model Mn+
EPR spectra derived from only the Zeeman and
A' ' hyperftne terms (up to third order} are shown
in Fig. 1, and the values of H corresponding to some
of the transitions are shown in Table I. To produce
the synthetic spectra we have chosen HO=3319 G
{corresponding to an X-band frequency of 9.29 GHz)
in Fig. 1(a), and Ho ——7920 G (corresponding to a
K-band frequency of 22.2 GHz) in Fig. 1(b).
A'5"= —95 e G {see Sec. III for the experimental
results of A'"' in these fluorites) and a derivative
peak-to-peak linewidth LaUH'pp 8 G which is com-
parable to the residual widths observed in our mea-
surements (cf. Sec. III), as discussed in Sec. IV.

Although the different electronic (fine-structure)
transitions are not resolved when ddEpp & 8 G, they
do produce the particular m dependence of the
linewidths and lineshapes shown in Fig. 1. If, for

1 1
some reason, only the M, =—,~M, = ——, transition
was observable, then the m' ' dependence of the
line shape would be quite different. This charac-
teristic m' ' dependence then becomes a signature
of the presence of all of the electronic transitions in
an experimental observation, a point which is crucial
to the identification of the broadening mechanisms
in the superionic regime. It is interesting to note
that the model spectrum shown in Fig. 1(a) closely
resembles that of Mn + in aqueous solutions' '"
without recourse to consideration of dynamic modu-
lation of the crystal field.

Inclusion of the ' F transferred hfs in Eq. (1) re-
sults in a further splitting of the electronic transi-
tions. In CaF2, SrF2, BaF2, and PbF2 with
Ho~~[100], A" '—= ( —,A~~+ —,At)'~ is of the order of
10 e G. ' ' If the "intrinsic" width of the electron-
ic transition is small (approximately less than 2 G),

(a) x eaNo

(b} K BAND

(OO G

FIG. 1. Model EPR spectrum of Mn2+ including Zee-
man and Mn hfs term up to third order in A" '/H (see
text), A" '= —95 e G. (a) X-band spectrum, Hp ——3319
G. (b) E band, Hp =7920 G. The peak-to-peak linewidth
of each electronic

~
M —1,m'"')~

~
M, m'"') transition

is ~pp —8 G. Note that the distinct m' ' dependence of
the width and amplitude of each of the six hyperfine com-
ponents is considerably larger at Xband than at E band.
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TABLE I. The fields for resonance of particular

~M, m' ')~
~

M —1,m' ') transitions at {a) X band

(vp ——9.29 GHz, Hp ——3319 G) and (b) I{ band (vp=22. 2
GHz, Hp ——7920G). HereA' '= —95 e G.

M —1~M

5 3

2 2
3 1

2 2
1 1

2 2
1 3

2 2
3 5

2 2

5 3

2 2
3 1

2 2
1 1

2 2
1 3

2 2
3 5

2 2

5

2

3063.2

3071.4

3079.0
3085.8

3092.0

7675.2

7678.2

7681.2

7684.2

7686.2

(55)
1+—
2

(a)

3355.2

3354.9

3354.8

3354.8

3354.9

(b)

7963.4

7963.0
7962.6

7962.3

7962.0

5

2

3566.4

3559.2

3552.5

3546.3

3540.6

8161.7
8158.8

8156.0

8153.2

8150.6

as is the case for CaF2 and SrF2 at room tempera-
ture, ' the resulting spectrum will be quite aniso-

1

tropic and complex, except for the m =+—, com-

ponent when Ho~ ~[100]. If the "intrinsic" width is
about 5 6 or larger, as it is in PbF2 at 77 K, and
BaFq at 300 K, ' then a partially resolved ' F hfs is
superimposed on each of the Mn hfs components.

Since the ' F hfs is highly anisotropic, it will pro-
duce a complex structure in a powder spectra at low
Mn concentrations (approximately less than 0.05
at. %) and become unresolved at higher concentra-
tions. In the unresolved spectra each Mn hfs com-
ponent then will appear to have a breadth which is
the envelope of the unresolved '9F hfs [cf. Sec. III)
and Fig. 2(a)].

The above description of the EPR spectrum of
Mn + is only valid in the "rigid" limit, i.e., when
the contributions of anharmonic processes to the
linewidths are negligible and the F hopping rate is
small compared to the frequency separation of the
individual ' F hfs components b~" '~" '/A. As

approaches hco" ', the individual ' F hfs com-
ponents will begin to broaden and merge into a sin-

gle structureless line. ' ' As te exceeds Aco" ',

this single line narrows in proportion to hco" '/m

until, at some higher temperature, it reaches a resi-
dual width determined by other relaxation processes.

The temperature-dependent interplay between the
motional narrowing of the ' F hfs and the dynamic
processes contributing to the line broadening com-
plicates what is being observed experimentally in a
measurement of the peak-to-peak derivative width
of a given Mn hfs component. To simplify the no-

tation we use only a single quantity iHpp to desig-
nate all derivative peak-to-peak separations, what-
ever their origins. When a distinction is to be made
as to the cause of the line broadening in different
temperature regions, for a particular compound, it
will be clearly stated in the text and figure captions.

II. EXPERIMENTAL PROCEDURE

All samples were prepared by N. Nighman in the
Materials Preparation Laboratory of the Physics
Department of the University of California, Santa
Barbara. The preparation of PbFq samples required
the use of Merck suprapure PbF2 as starting materi-
al, which was first baked at 200'C (in a vacuum of
10 Torr for 2—3 d). After backfilling with
99.996% pure N2 gas it was transferred to the crys-
tal growing furnace where it was then heated in an
HF atmosphere above its melting point and rapidly
cooled. The resulting polycrystalline material (here-
after referred to as "freshly ground" ) was used as
starting material for all samples. Polycrystalline
samples were prepared by mixing the appropriate
amount of MnF2 with the freshly ground PbF2 or
other fluoride. The mixture was heated in HF to
above the melting point for about 1—2 h, and the
furnace was then shut off. No effort was made to
obtain single crystals, since (a) our primary concern
was with disordered state properties, (b) powder
samples provide a better filling factor in the BN cru-
cible that was inserted in the microwave cavity (see
below) than would a single crystal and hence yield a
better signal-to-noise ratio, and (c) deleterious effects
of sample conductivity at high temperatures on the

Q of the cavity (through the skin effect) were con-
siderably smaller for powder samples than for single
crystals. The irreversibility of the ortho-
rhombic- (a) to cubic- (P) phase transition in
Mn:PbF2 with T has already been established in pre-
vious studies. Our results here are appropriate to
the P phase.

Samples of Mn:SrC12 were prepared by initially
drying commercial Alpha ultrapure SrC12 powder at
several hundred degrees for several hours, and then
mixing it, in an inert atmosphere, with the appropri-
ate amount of MnC12. The powder mixture was
heated to above the melting point of SrC12 (875'C)
in an inert atmosphere for 1—2 h and then cooled.
Finally, a part of the resulting boule was crushed in
a dry atmosphere and sealed in a quartz tube. We
note, however, that SrC12 is notoriously hygroscop-
ic.' ' Our samples may not be as ideal as those
single-crystal specimens prepared for conductivity
measurements by Beniere et al. '

A detailed description of the X-band EPR system
used in experiments has been given. ' ' The oven
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consists either of alumina (for measurements on
PbFt) or quartz (for measurements on other fluor-
ites) tubes coated with platinum strips that serve as
heating elements. Unfortunately, either Coors or
Omega alumina tubes contain trace amounts of
Fez03 which produce a small background signal at
g=2. Although this background signal could be
subtracted from the EPR spectrum of Mn + in
PbFz, it introduces some uncertainty in the deter-
mination of the high-temperature linewidths.

The E-band spectrometer was similar to the X
band one except that its cavity was cylindrical and
sustained the TED» mode. Because of its sensitivity,
only thin-walled quartz tubes with very narrow Pt
strips could be used with this cavity. Even so, sam-

ple conductivity losses were more severe at E band
than at X band. Consequently, the E-band measure-
ments were limited to temperatures below about 700
K.

Polycrystalline or powdered samples were placed
in specially machined, pyrolytic BN crucibles. In-
side the oven the crucible was supported by a Pt-
Pt—13 at. %%uoRh thermocouple . Formeasurement s
on Fbi it was necessary to maintain a flow of HF-
He or HF-Nz mixture to avoid oxidation above
200'C. Details of this flow system are given else-

where. ' For measurements on the other fluorites,
an inert gas flow was sufficient. Note that the con-
centration e of Mn + in at. % represents the ratio

cM„/(CM((+cpb ) cM„/cpb .

(d)

475 K

(e)

(2I5 K

~ (c)

1250 K

0.05 at. % 0.15 at %

60K

I I

50-
:~ikf g

~ S~~
30-

0
k

3( 4 &g—a

20 - m =-3/2

FIG. 2. Powder spectra of 0.05 and 0.15 at. % (nomi-

nally 0.25 at. %) Mn:CaFz at various temperatures. Note
the broadening caused by the ' F transferred hfs in (a) and
(d), the narrow and strongly I' '-dependent hnes in (b)
and (e) and the Dysonian shapes in (f), caused by the con-
ductivity of large crystallites in the 0.15 at. % sample (see
Sec. II). All Mn concentrations are in atomic percent.

III. EXPERIMENTAL RESULTS

A. ' F and "Mn hyperfine structure

Representative powder spectra of 0.5 and 0.15
at. % (nominally 0.25 at. %) at various temperatures
are shown in Fig. 2. The lineshape of each Mn hfs

component, at low temperatures, is the envelope of
all of the ' F transferred hfs averaged over all orien-

tations of the field relative to the axes of the ' F hfs
tensor (see Sec. I). This envelope is expected to col-

lapse when the ' F hopping rate w approaches the
transferred hfs frequency A " '/fi=(1. 5+0.3) && 10s

sec ' in CaFq, Sr', BaFq, ' and PbFz. Indeed,
this collapse is observed above 1000 K in CaFq (Fig.
3) and SrFq (Fig. 4), 800 K in BaFz (Fig. 5), and 400
K in Fbi (Figs. 6 and 7).

The X-band PbFz results are in agreement with
those previously reported. It is only beyond this en-

velope collapse that the actual width of the absorp-
tion line is directly observable, "unmasked" by the
' F transferred hfs. In all of the fluorides, immedi-
ately following the collapse of the ' F hfs, the EPR
spectrum resembles that shown in Fig. 2(b). In SrF~

1 ~ $ g~~
20- m =-1/2

C9
40

C)

~ (

(ta a I
m55=+ 1/2(~~

40„-
SJS e
m =+ 3/2

o
50-

4L4 L m30-~ a
55

10
400

I I

1200 1600

FIG. 3. Temperature dependence of the peak-to-peak
width AHpp of each "Mn hfs component in Mn + con-
centrations c of 0.05 at. % (k)„0.15 at. % (nominal 0.25
at. %) (~), and 0.7 at. % (nominal 1 at. %) (0 ) Mn:CaFq.
Note the collapse of the ' F transferred hfs from 1000 to
1200 K and the dependence of the rate of broadening at
the highest T and c. See Fig. 2 caption.
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FIG. 6. m' '= —— ' Mn hfs component envelope

widths for various Mn concentrations in Mn:PbF2. Note
the dramatic concentration dependence to the rate of
broadening above 625 K. See Fig. 2 caption.

55
m =+ 5/2

1Q
400 800 1200 1600

dependence at X band is as marked as it is in Fig.
2(b). Note the strong similarity to the X-band and
K-band spectra shown in Fig. 1. The resemblance at
X band extends to the asymmetry of the absorption

FIG. 4. Temperature dependence of ~pp of each
Mn hfs component in concentrations of 0.05 at. % (L),

0.22 at. %%uo(nomina 10.2Sat .%)(0 ), an d0.68at .%(nom-
inal 1 at. %%uo ) (~)Mn:SrF2 . Not e th eabsenc eof any

broadening at high T. See Fig. 2 caption.
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FIG. 5. Linewidth of each "Mn hfs component in

nominally 0.25 at. % (~) at 1.0 at. % (0 ) Mn:BaF2. Note
the concentration-dependent broadening at the highest
temperatures. See Fig. 2 caption.

and BaF2 the m' ' dependence of the linewidths is
as striking as it is in CaF2 [Fig. 2(b)], but in PbF2 it
is noticeably less so (see also Ref. 7).

In Mn:SrC12 (Fig. 8), the envelope width originat-
ing from the ' Cl transferred hfs is very small
even at room temperature, and the asymmetric m '

3O'I ~ ~

20-

-3/2-

~ ~ ~

3Q't ~ ~ ~ ~

20-
C9

z 30& ~ ~ ~0
20—

—I/2-

~ ~ ~

+ I/2—

~ ~

30 y ~ ~ ~

20-

M~) ~ ~ ~ ~

20-

~ ~

+3/2-

+5/2—

~ ~ ~

T(K)

FIG. 7. Envelope widths of the various Mn hfs com-

ponents for 0.01 at. % Mn:PbFq at E band. Note that the
m' " dependence of the envelope widths is smaller here

than at Xband at all temperatures. See Fig. 2 caption.
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(a) X BAND

V
1.00

Al CL Q.
cv Q.0 ~~ 0.6

(b)

e.ay&

I.O' t (0)

(b) K BAND

FIG. 8. Powder spectra of 0.1 at. % Mn:SrC12 at room
temperature. (a) X band, vo ——9.29 GHz; (b) E band,
vo ——22.2 GHz. Note the resemblance to the synthetic
spectra in Fig. 1. See Fig. 2 caption.

derivative of the outer components (m'"'=+ —, )

about zero, that is to say, the positive amplitude of
the m ' '= ——, (+ —, ) component is slightly smaller
(larger) than the negative amplitude. In Sec. I we
noted that such a spectrum indicates all of the elec-
tronic spin transitions are being observed. However,
as is shortly to be seen, intensity and linewidth mea-
surements indicate the Mn:SrC12 "outer"-electronic

5 3 3 1
transitions (i.e., + —,~+—, and + —,~+—, ) broaden
significantly above 300 K.

B. Intensity measurements

Since the fine structure is not resolved in our
spectra, only relative intensity measurements can
determine how severely the different electronic tran-
sitions broaden as a function of temperature. The
integrated intensity, which is proportional to the Q
of the cavity divided by the absolute temperature,
was determined by integrating the absorption deriva-
tive spectra twice using a Nicolet model 1072 In-
strument Computer. Because only at elevated tem-
peratures did the high conductivity of these materi-
als affect the Q, and also limit the penetration of the
rf field, we restricted our measurements to tempera-
tures below 1300 K in CaF2 and SrF2, 700 K in
PbF2, and 1050 K in SrC12. After taking the
Boltzmann factor into account, no detectable
change, beyond the +15% scatter in the results, was
found in the corrected integrated intensity of the
XF2 spectra. On the other hand, the corresponding
Mn:SrC12 intensity is very striking in its T depen-
dence [Fig. 9(a)]. It drops to about 25% of the
room-temperature value by 850 K and then begins
to increase with T until it regains its initial value at

0.2
IIOO300 500 700 900

T (K)

FIG. 9. (a) Integrated intensity (taking the Boltzmann
factor into account) of 0.1 at. % Mn:SrC12 as a function of
temperature. (b) The product (amplitude) X (envelope
width) )((Boltzmann factor), summed over the six ' Mn
hyperfine components, of 0.1 at. % Mn:SrC12. The
crosses are the predictions of the model discussed in Sec.
IVB. See Fig. 2 caption.

1050 K. The X- and E-band results are quite similar
in the range T & 600 K. In Fig. 9(b) the variation of
the intensity versus T as reflected in the product
(derivative peak-to-peak amplitude) X (linewidth)

X(Boltzmann factor) at X band is shown. (This is
appropriate for Mn:SrC12 since its line shape resem-
bles a Lorentzian at all temperatures. ) This pro-
cedure yields results that are similar to those ob-
tained from the directly integrated intensity. Both
are consistent with a behavior wherein only the non-
( —,~——, ) electronic transitions monotonically
broaden from 300 to 800 K (the minimum intensity
being reduced ideally to 35 of its original value' )

and then narrow once more at higher temperatures.
In Sec. IV we show that to be possible if the Cl
hopping motion induces a quasistatic disorder in the
crystal.

C. Linewidth measurements

1. General obsemations

The X-band linewidths of each of the Mn hfs
components has been studied, as a function of Mn +
concentration and temperature, for all of the XFq
and SrC12 samples. What are actually measured are
the derivative peak-to-peak widths ~pp Provided
LeLHpp & 30 6, one may assume the overlap between
adjacent Mn hfs component line profiles, whose
separation is of order 100 G, to be small, and a
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"true" linewidth or envelope width may be derived
from ~pp If the above condition is not satisfied,
then the apparent widths are actually smaller than
"true" widths. This problem is most clearly seen by
integrating the absorption derivative and is
displayed in Fig. 10. Thus it is difficult to deter-
mine the intrinsic broadening in the presence of the
' F hfs in the XF2 compounds. At the higher tem-

peratures, where the ' F hfs has collapsed, it is pos-
sible to isolate the separate contributions to the
broadening, including the m ' '-dependent fine-
structure splitting. In the superionic region the line

shapes become Dysonian but, because the Mn hfs
overlap effects are usually small, the "true" widths

may be determined using the now standard method
described by Peter et al.

Since the transition (M, m'~ '=+
2
~M+1,

rn' '=+ —, ) exhibits no fine structure, its width

was used to identify those contributions to the
broadening that were concentration (c) dependent,
temperature (T} dependent, or both, but not m'

dependent. Thus it was possible to establish that
there is (1} a c-dependent, but T-independent,
broadening, (2} a c-dependent and T-dependent
broadening, and (3) a c-independent, but T
dependent, contribution to the linewidths. The first
originates with the Mn + dipole-dipole interaction,
the second with "collision" broadening caused by
Mn + diffusion, and the third may be regarded as
having two sources: (a) a quasistatic broadening re-
lated to the modulation of the crystal field, and (b) a
dynamic anharmonic phonon-induced broadening.
We now consider the evidence for each of these in
turn.

2. Concentration-dependent,
temperature-independent broadening

In the Mn-doped CaF2, SrF2, and PbF2, a con-
stant difference is observed between the envelope
widths for different concentrations up to a tempera-
ture region where the ' F transferred hfs collapses
(see Figs. 3, 4, and 6). Because the envelope widths
in this low-T region represent a convolution of the
' F hfs and the Mn + dipolar broadening, it is diffi-
cult to extract the latter from the measured
width —particularly so as the overlap between adja-
cent Mn hfs line profiles distorts the individual
lines, making ddkpp not representative of the "true"
widths, as discussed above.

However, at the temperature at which the en-

velope width is a minimum, the Mn + dipolar width
can be no more than that which is observed. Hence
an upper bound may be placed on the dipolar contri-
bution to the width. This is important because, as
we shall see, a naive calculation of the dipolar
widths gives a result in excess of the observed upper
bound. In any case, we have determined that the di-
polar widths )supp are approximately less than 30,
31, 22, and 11 0/(at. % Mn + dopant) in CaFq,
SrF2, PbF2, and SrC12, respectively. In Mn:BaF2 a
slow T, concentration-dependent broadening is not
observed because of the small solubility' of Mn in
BaF2 below 900 K. In fact, the EPR of all samples
with c &0.25% display a broad structureless reso-
nance, centered at 6=2.0 (in addition to the six-line

Mn hfs pattern associated with the isolated impur-
ity) whose intensity diminishes rapidly above 900 K.
Because of this feature of the Mn:BaF2 EPR, no at-
tempt was made to determine the dipolar contribu-
tion to the broadening.

(b)

FIG. 10. (a) Absorption derivative of 0.7 at. % (nomi-
nally 1.0 at. %) Mn:CaF2 at 300 K. (b) Absorption line
shape resulting from integration of (a). Note that the
overlap of the various Mn hfs components results in ap-
parent derivative peak-to-peak widths that are smaller
than the true widths. See Fig. 2 caption.

3. Concentration-dependent,
temperature-dependent broadening

After the ' F transferred hfs has essentially col-
lapsed, a most unusual linewidth behavior is ob-
served in Mn:PbF2, namely, one that is both c and T
dependent. This is apparent in Fig. 6 where the
linewidth is seen to increase with increasing c and T
above 600 K, reaching some broad maximum in the
vicinity of 850—900 K. A careful examination of
the different m' ' hfs components indicates this c-
and T-dependent broadening is independent of m '

The c dependence of the linewidth at various T in
this high-temperature region is shown in Fig. 11.
From the linearity of the ~pp vs c plots, at fixed
values of T, we may directly infer that this new
broadening mechanism is linear in c while being
strongly T dependent. We shall argue that the "col-
lision" between diffusing Mn + ions is responsible
for the c- and T-dependent broadening, in analogy
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FIG. 11. Concentration dependence of the widths of
the m' '= ——hfs component of Mn:PbF2 at various T.

Note that the "best-fit" lines do not converge to a single

point at c=0, indicating that a T-dependent but c-
independent contribution to AH exists. See Fig. 2 cap-
tion.

with the magnetic tagging" effects seen in the ' F
NMR in Mn:PbF2. The latter arise from F -Mn +

encounters caused by the F diffusion.
It is to be noted that the best-fit lines through the

data in Fig. 11 do not converge to a single value at
c=O, suggesting there is a c-independent, but T-
dependent, contribution to Ji~akHpp This is immedi-
ately apparent from the result on the 0.01
at. % Mn:PbFz sample (see Fig. 6 and Ref. 7), but
the intercept of the lines, at c=O with the ordinate,
is a more accurate determination of this quantity.
We discuss the source of this mechanism next in
connection with the results in Mn:SrClz.

dependence is largely, but not entirely, caused by the
electronic fine-structure splitting. In Fig. 12 the
outer components m' '=+ —, are seen to decrease in

width with increasing T below 500 K, while the
m'"'=+ —, components (for which there is little or
no fine-structure splitting) show a monotonic in-

crease to its widths with increasing T in this
same temperature region. The m ' '=+ —, behavior

is intermediate to the other pairs. Above 600 K, all
Mn hfs components broaden monotonically with

increasing T and show a very rapid increase above

900 K (see also Fig. 13).
In addition to the measurements of the line

broadening we have measured the peak-to-peak am-

plitudes A(m' ') for each Mn hfs components.
The amplitude ratio

~ (m'"')R=
~ (m'"'=+-,' )

versus T is shown in Fig. 14 and is seen to asymp-
totically approach unity at the highest temperatures.
Now at low T, R &1 because of the fine-structure

splitting on all but the m' '=+ —, component. The

fact that R approaches unity, for all m' ' at about
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4. Concentration-independent,
temperature-dependent broadening
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To a degree, a c-independent, but T-dependent,
broadening may exist in all of the samples, but only
in the Mn:SrClz is it possible to isolate it clearly
from other contributions to the linewidth at all tem-
peratures. The fact that the anion transferred hfs is
so much smaller for the chlorides ( & 3 6) than the
fluorides is of major help in this regard. Of some-
what equal importance is that the larger lattice con-
stant of SrC12, relative to the XFz, appreciably
reduces the dipolar contribution to the broadening
(see Sec. IVB2). Thus it is not surprising to find no
concentration dependence to the broadening in
Mn:SrC12 at all temperatures, for c &0.5%, which
appears to be the solubility limit.

Because the envelope widths are strongly m'
dependent at low T, it is necessary to consider the T
dependence of each Mn hfs component. The m '
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FIG. 12. Temperature dependence of the peak-to-peak
widths of the six hyperfine components of the X-band
EPR of Mn:SrC12. Note that while the m ' '= +—com-

ponents broadens immediately above 300 K, the
m ' '= +—components initially narrow before proceeding

to broaden at higher temperatures. The crosses are the
predictions of a model described in Sec. IV B 1. See Fig. 2
caption.
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900 K, indicates that only the electronic
I M, = 1/2 )~ I M, = ——, ) transition is observed at

these higher temperatures —a result in keeping with
our conclusions from the integrated intensity studies
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FIG. 14. Temperature dependence of the ratios of the
amplitudes of the various Mn hfs components in the
EPR of 0.1 at. % Mn:SrC1~ to that of the m'"'=+ —,

component. The crosses are the predictions of the model
described in Sec. IV B 1. See Fig. 2 caption.

OI
300 500 700 900 I IOO

7(K)
FIG. 13. Peak-to-peak widths of the Mn EPR in SrClq,

averaged over the six 5 Mn hfs components. Note the
lack of any Mn + c dependence; the widths being identical
for the 0.1 at. % (0) and the 0.75 at. % (6) samples.
The crosses are the predictions of a model described in
Sec. IV B 1; the solid line is a guide to the eye. See Fig. 2
caption.

(see preceding section) and that there is no discerni-
ble M' ' dependence on LaLHpp above 900 K.

Since the Cl hopping rate is so small

[w &2X10 sec ' at T=660 K in extrinsically
conducting SrCli (Refs. 15 and 16)], we cannot
attribute the initial monotonic increase in

~»(+1/2) to a local dynamic modulation of t!ie
Mn~+ crystal field. Rather, we associate the
broadening with a quasistatic, random, nonlocal dis-
tortion of the Mn + crystal field which serves to

5
slowly broaden, first the outer (M, = + —,

~M, = + —, ) transitions and then the inner3' 1

(M, =+—, M, =+—, ) transitions, both of which are
sensitive, in first order, to axial distortions. This
broadening is accompanied by the slow disappear-
ance of intensity associated with these transitions.
At higher temperatures, T&900 K, the rapid in-
crease of ~„pis accompanied by the restoration of
intensity, indicating all electronic transitions are
once again observable. We believe the broadening to
arise primarily from anharmonic phonon effects,
with the contribution from dynamic —crystal-field
modulation being very much smaller. An attempt to
understand all of the c-independent, T-dependent
broadening is given in the next section.

IV. INTERPRETATION

A. Collapse of ' F hfs with increasing temperature

Each of the XFq compounds exhibits a ' F
transferred-hfs interaction I -A " 'S with the
Mni+ impurity that is generally unresolved (or only
partially so, at low concentrations) in a powder be-

cause of the anisotropy in the hfs. Since
IA" 'I « IA" 'I, the ' F hfs appears as a

broadening of each of the Mn hfs components. As
the temperature increases so does the F hopping
rate w . When w approaches the magnitude of
A" ', one would expect the ' F hfs to begin to
broaden and collapse. In the fast-hopping limit,
w »A" '/A', a single line should appear, centered
at each of the Mn hfs component resonance posi-
tions, with a width proportional to

'4

Hence the observed collapse of the ' F hfs as a
function of increasing temperature, which is seen in
Figs. 3—6, should exhibit a "universal" behavior if
plotted as a function of the reduced variable
w /(A" '/fi). This is shown in Fig. 15 where the
peak-to-peak envelope width of the m' '=+ —, hfs
component, normalized to its 300-K value, is plotted
as a function of the logarithm of w /(A "9'/i)l) for
Mn + in CaFq, Sr', and Fbi (the Mn:BaFz results
are not displayed because of solubility problems; see
Sec. III B2). The values of w were obtained from



27 HIGH-TEMPERATURE EPR IN SUPERIONIC FLUORITES 4043

1.0'
il

0.8—

0
O 06—

+ O.a—
CL

0 02-

)E s'1k
sr

ik /

r
»I

4E
4E

ii
il

fit

Y
I I s I III s s I I sllsI I I I I Illlt I I I I sill[

ii
)k II)

~

0
0.01

s I s s s ssl

0.1

s s s ssssl

W ZA"
10 100 1000

s I I s ssssl ~=s~

FIG. 15. Normalized envelope width of the "central" m" '=+
z

hfs component, hH»(T)/AH»(300), as a function

of the "reduced" anion-hopping rate fiw /A" ' in 0.05 at. % Mn:CaF2 (o), 0.05 at. % Mn:SrF2 (~), and 0.01 at. %
Mn:PbF2 (4). Note the "universal" character of the collapse of the transferred hfs to what are residual widths determined

by other mechanisms and the broadening of Mn:PbF2 at high hopping rates. The theoretical residual widths are given by

the long dashed lines and the difference between it and the observed width in Mn:PbF2 is indicated by the short dashed

line.

Refs. 21—23 and those of A" ' from Refs. 7 and 12.
The normalized widths are seen to fall to approxi-
mately one-half their initial value at
w /(A " '/sti) =1. The long dashed line is the
asymptotic behavior expected in the fast-hopping
limit. Although the CaF2 results come closer to the
predicted behavior at large w /(A" '/A') than ei-
ther of the other two, it is clear that in all three
cases the widths in this high-temperature region
must be caused by other mechanisms. In particular,
in PbF2 we ascribe the increasing linewidth with in-
creasing w (which is best fit by the short dashed
line) to dynamic relaxation processes, as will be dis-
cussed below. In all three compounds the Mn +

concentration was so small (see caption of Fig. 15)
as to preclude either dipolar broadening or collision
broadening between diffusing Mn + ions.

B. Temperature and concentration dependence
of linewidths and intensities

Since the variation of the linewidths and intensi-

ties with temperature and the dependences of the
linewidths upon Mn + concentration c differ from
one system to the next, it is clear no single mecha-
nism is responsible for that part of the observed line
broadening not related to the ' F hfs discussed
above. In fact, we believe there are four distinct
contributions: static dipolar, quasistatic crystal-field
distortions, dynamic (single-ion, phonon, or crystal-
field modulations), and, lastly, collision broadening
between diffusing Mn + ions. The steps involved in
separating the various contributions to the broaden-

ing include first, correlating the m' ' dependence of
the linewidth and the EPR integrated intensity with

the anion-hopping rate. This should be done for
concentrations of Mn + small enough that neither
dipolar nor collision broadening are of any signifi-
cance at all temperatures. Then the c dependence of
the broadening must be established and partitioned
into its T-independent and T-dependent contribu-
tions. We begin with Mn:SrC12 because it, alone, ex-

hibits a variation of both intensity and linewidth

with temperature. The absence of any c dependence
to its linewidth (other than the small dipolar contri-
bution which we will subsequently identify) implies
the broadening is of single-ion origin.

1. Quasistatic crystal field and-
dynamic broadening —Mn:SrC12

The EPR results on Mn:SrClz may be briefly
summarized as follows: Although all of the elec-
tronic transitions are observable at 300 K, the outer
ones (those other than the

~

—,)~
~

——, ) transition)

become less intense with increasing T until, at 900
1 1

K, only the
~

—,)~
~

——, ) transition remains to be

seen. This is initially accompanied by a slowly de-

creasing width of the outer components and an in-

creasing width of the central Mn hfs component
and a decrease in the asymmetry of their relative
widths. Above 900 K, the intensity times T mono-
tonically increases towards its 300-K value with in-

creasing T, indicating all of the transitions are being
observed, while at the same time the width of each
of the Mn hfs components continue to increase.

This behavior of the widths (Figs. 12 and 13),
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shape (Fig. 14), and intensity (Fig. 9) of the EPR
spectra of Mn:SrC12 may be understood by assuming
that the Cl hopping induces a general disorder in

the fluorite crystal. Characterizing the disorder at
any given Mn site by an instantaneous axial distor-
tion, its contribution to the spin Hamiltonian may
be represented by the term

~,„=D[S,' , S(—S—+1)], (3)

where z' is the instantaneous direction of the axial
field distortion and D is its magnitude. Although
the distortion may include an orthorhombic com-
ponent, the latter's effect would be indistinguishable
from an axial one in our case. The axial field in-

duces a fine-structure splitting of the different elec-
tronic transitions which, in a strong magnetic field,
is given by (to second order in D/H) "

hv(M~M —1)=gpiiH+D(M ——, )(3cos 8—1)— [4S(S+1) 24M—(M —1)—9]
8gpgH

+ [2S(S+1)—6M(M —1)—3] .
8gp~K

As is appropriate to Mn +, g is assumed to be iso-
tropic. What is immediately apparent from Eq. (4)
is that the axial field affects the "outer" electronic
transitions in first order in D and the central

1 1

~

—, )~
~

——, ) transition only in second order.
Hence if the various axial distortions at the different
Mn sites were equa1 and parallel to each other, a
single-crystal spectrum would display a fine-
structure splitting with a large angular dependence.
However, if at any instant of time, the axial fields
are randomly oriented with respect to H (as would
especially be the case in a powder sample), then this
splitting would have to be averaged over all orienta-
tions. For distortions that vary in time more slowly
than (y~), this would manifest itself as an in-

homogeneous broadening of the otherwise degen-
erate electronic transitions. The absorption function
of the different electronic transitions of S5&2 ions in
randomly oriented axial crystal fields has been treat-
ed. In that case the absorption function i (H) (for

I

I

zero assumed linewidth) of the outer M& —,~M —1

transitions is given by

i(H)= Np
1

4v 3(M ——,)D

H —H.l
D(M —

2 )

in the region

H, 2D(M ——, ) &—H (H;+D(M ——,),
and zero elsewhere. Here H; is the field for reso-
nance of the M~M —1 transition when D=O (as
determined by both M and m '"'}and No is the total
number of spins in the sample. This absorption
function has a shoulder at H =H~ 2D (M ——,—) and
a singularity at H =H;+D( ——,). The absorption

1 1function of the central
~

—, }~
~

——, ) transition is
much narrower because there are no first-order
terms in the expression for its resonance field [Eq.
(4)], and is given by

9 H(H H)—5-4 1- '
32 D2

3NOH 9 H' (H H)—
i (H)= 1—

64D 32 D2
(6a}

in the region H; —2D /K; &H &H;, and

3NOH( 9 Hi(H H( ) i — 9 Hi(H —H(}'
i(H}= — 1 — g 5+(—I)"4 1—

64D 32 D 32 D
(6b)

in the region H;&H&H;+ —,(D /H;). This ab-

sorption function has two singularities, at
(H —H; )H; /D =—2 and + —, and a small should-
er at H =H;.

The actual absorption derivative line shape
I'(H) =dJ(H)/dH for a finite, nonzero linewidth is
given by the convolution of the derivative of the
shape function L'(H —H') and i (H'), i.e.,

I'(H)= J L'(H H')i (H')dH'. — (7)

From the foregoing discussion, it is clear that for
any given value of D&0, these absorption functions
will not resemble the simple, six hyperfine-
component experimental results. However, if we as-
sume a distribution of axial fields D around D=O,
with standard deviation cr, then a proper choice of o
and the linewidth LsEHpp results in a close fit between
the simulated and observed spectra. This is clearly
seen in Fig. 16. In the underlying physical picture
one would indeed expect D to depend on the distri-
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l4
l I t I form (see Appendix A)
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FIG 18. Residual ddE» vs T of the
~M —1,m' ') ~

~
M, m' ' transitions of Mn:SrCli used to

reproduce the experimental results in Figs. 9, 12, and 14.
The line is a guide to the eye.

where Y =D or E and w is the anion-hopping rate.
We will now show that for several reasons this
mechanism cannot account for the temperature
dependence of ~pp in Mn:SrC12.

(a) A basic difference between crystal-field fluc-
tuations in liquids and in superionic fluorites is that
in the former, the amplitude of D(t) or E(t) is
nonzero for most values of t. In the latter, D(t) or
E(t) is nonzero only when one of the nearest neigh-
bors (NN) of a Mn ion is a vacancy. This situation
occurs roughly only a fraction c of the time, ~here c
is the vacancy concentration. During most of the
time, D (t) and E(t) are almost zero (except for the
influence of next-NN vacancies). The resulting time
correlation functions of D(t) and E(t} are of the

50~ I I I I I I I

—wt

(Y(0)Y*(t))= Y'(0) 1+ e ""'
1+c 1+c

Therefore, the "effective" amplitude of the fluctua-
tion field is only v'[c/(1+c)] Y(0). Although
&c/(1+c) is of order unity in PbF2, which is heavi-

ly disorderd above 700 K, in SrC12 this factor is only
at 1050 K (Ref. 28). (b) In addition,

( Y(0)Y*(t)) decays at the vacancy-hopping rate
w/c and not the anion-hopping rate. This implies
that the fluctuation rate approaches the Larmor fre-
quency coo ——6)( 10' sec ' at about 650 K in
PbF&23, 28 and approximately less than 925 K in
SrClz. " However, one would then expect the
linewidth to peak at those temperatures and decline
at higher ones—contrary to the observed behavior of
Mn:SrCli (Figs. 12 and 13) and of 0.1 at. %
Mn:PbFi (Fig. 6, Ref. 7). (c) Application of
Redfield's theory to the problem of the fluctuating
crystal fields results in an m' ' dependence of the
linewidth opposite to the observed one (i.e., one in
which the "outer" m' '=+ —, hfs components are
narrower than the "central" m'"'=+ —, ones) in the
slow-hopping (w/c &g coo) limit.

Because of the above-mentioned arguments, we
are led to consider an alternative linewidth source in
Mn:SrC12, namely, phonon-induced broadening. A
comprehensive survey of this problem is given by
Abragan and Bleaney. It is there shown that at
temperatures above a few degrees Kelvin, the dom-
inant phonon-induced mechanism is the two-phonon
Raman scattering. The spin-lattice relaxation rate
1/T& of a multiplet ground-state Kramers doublet
(such as Mn +) induced by this process is given by

CO

CL

20-
Og

OP'

~
W

~ ~
~ 0

HO
0 I I I I I I I I

300 600 900 [200

lQ—

T(K)

FIG. 19. Temperature dependence of the linewidth

~pp of Mn:SrC12 without the contributions from the
hfs-induced fine structure, transferred-hfs, or quasistatic
crystal-field broadening is shown as a solid line. The dot-
ted line is the estimated behavior at lower temperatures,
and the dashed line is the T'I4(O~/T) dependence dis-
cussed in Sec. IV B 1 and Eqs. (9) and (10).

1 3 V kT I T
4m'p u' fP & eg

where p is the crystal density (g cm }, u the sound
velocity, V the matrix element between the ground
state and virtual excited states, and

O~/T= I [x e"/(e"—1) ]dx, (10)
T

Ig
D

8D being the Debye temperature. This relaxation
mechanism has indeed been shown ' to be the dom-
inant one in Mn2+- and Eu +-doped XFq
(X=Ca,Sr,Ba) at very low temperature (i.e., from 4
K to 20—30 K). However, the simple extrapolation
of those results to the high-temperature limit of this
model yields absurd relaxation rates for Mn:SrF2
(-4&(10' sec ' at 1000 K) and Mn:BaFq
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(-2.3 X 10" sec ' at 1000 K), in total disagreement
with our linewidth results in these compounds (see
Sec. III). The solution of this problem probably lies
in the assumed energy independence of the matrix
elements, which are simply represented by the term
V in Eq. (9), and the inadequacy of the Debye ap-
proximation. In any case, assuming ddEpp 1/T&
and choosing

3 V k
year'p'vio A' il'

in units of GK (as compared to the value
1.19X10 ' GK of Ref. 31 for Mn:SrF2 at low
temperatures) we get a surprisingly good fit between
our estimated 4H~~ and T I4(T/8n) dependence
between 300 and 800 K (Fig. 19}. The deviation
above 800 K might well result from the increasing
anharmonicity to the lattice vibrations in the su-
perionic regime.

We must emphasize that the two-phonon, spin-
lattice relaxation rates observed in Mn:SrClq are at
least 2 orders of magnitude larger than the upper
limit on the line broadening in Mn:KMgF3 at high
temperatures. Hence we are led to believe that the
magnitude of the T I4( T/8D) coefficient in
Mn:SrC12 must represent an enhanced Raman
scattering associated with the softness of the fluorite
lattices combined with the effects of covalency.

2. Concentration-dependent broadening —Mn:XF2

Since the corrected integrated intensities do not
vary with T in the Mn~2 compounds, unlike the
Mn:SrC12 case, one can immediately conclude that
quasistatic crystal-field broadening is unimportant
in these systems. Indeed, when the ' F transferred
hfs collapses, the linewidth in all of the XF2 com-
pounds seems to be dominated by concentration-
dependent effects, although a smaller, residual c-
independent broadening is present at higher tem-
peratures. Here we concentrate on the c-dependent
part of ~pp and, in particular its behavior in
Mn:PbFg.

(a) Temperature independent (di-polar) broaden
ing. In the region of temperature above which the
' F transferred hfs collapses, the temperature-
independent part of the c-dependent broadening was
determined as shown in Sec. IIIC2. The upper
bounds established fpr the Mn +-Mn + dipolar
broadening may then be compared with the standard
("naive") second (M2) and fourth (M4) moment cal-
culations for the linewidth using an assumed trun-
cated Lorentzian line profile, as is appropriate in the
dilute limit. ' It was found that the predicted
linewidths exceeded the observed ones by approxi-
mately a factor of 2 unless (a) Mn + spins with dif-

TABLE II. Experimental (1), "naively" calculated (see
text) (2), and corrected (3) values of the rigid-lattice dipo-
lar broadening of Mn + in the various fluorites per mo1%
of Mn2+ doping. In the corrected calculations (3), Mn~+

ions with different values of m'5 ' are considered "unlike"
and the contributions of nearest neighbors to the second
and fourth moments are deliberately excluded. See Ref.
34.

CaF2
SrF2
PbF2
SrC12

&30
&32
&22
&15

~pp (6/at. % dopant)
(2)

52
43.5
40.5
25

(3)

29
24.2
22
13.9

ferent values of m '5 ' were considered unlike and (b)
exchange-coupled nearest neighbors were omitted
from the calculations of M2 and M4. The details of
these calculations are given elsewhere. Table II
collects the experimental, naive, and corrected
values of the dipolar-induced, rigid-lattice
linewidths.

(b) Temperature-dependent (collision) broadening.
As explained in Sec. III C, the EPR of Mn:PbF2, in
particular, exhibits a contribution to LekHpp which is
both c and T dependent Fo. r fixed Mn2+ iona, any
two-body interaction would be linear in c, at small c,
but should be T independent. In liquids, spin-
exchange collisions between paramagnetic ions are
manifest through a collapse of the Mn hfs (Refs.
35 and 36) and results in rather unusual c and T
dependences to the hfs and linewidth. (We return to
the relation of our results to those in the liquids in
Sec. V.) To our knowledge, no combined c- and T-
dependent EPR linewidth in a solid has previously
been reported.

The behavior of the Mn + EPR linewidth in
PbF2, as to its c and T dependence is, in many ways,
quite similar to the ' F NMR results on (1/Ti ) and
(1/T2) in this same system. ' There it was shown
that (I/T~ ) and (1/T2) vary linearly with the Mni+
concentration and exhibit striking temperature
dependences. Their behavior has been ascribed to a
collision (or impact} mechanism in which the spin-
dephasing —induced relaxation results from nearest-
neighbor encounters between "fixed" Mn + ions and
the diffusing F ions via the ' F transferred-hfs in-
teraction I A S. An elaborate model theory was
constructed to explain the magnitude and tempera-
ture dependence of the ' F NMR relaxation which
depends upon A, the lattice topology, the F hop-
ping rate w, the Mn + electronic Ti (and/or T2),
and both the nuclear and electronic Zeeman ener-
gies. With it, a quite favorable comparison was
found between theory and experiment.
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Clearly, F diffusion cannot be responsible for
the c- and T-dependent EPR linewidth. We are led

to assume that Mn + diffusion, albeit much slower

than that of the F, must make possible spin-

dephasing encounters via the Mn +-Mn + dipolar
interaction. Without independent information as to
the mechanism for impurity cation diffusion and its
rate wr+ as a function of T, it would be premature to
attempt as sophisticated a treatment of the collision

broadening in the EPR case as was done for the ' F
NMR —particularly so because of the limited region
of temperature in which this mechanism dominates

all other linewidth contributions. Instead, we give a
simple description of the impact broadening which

disregards the details of the diffusion process and

the precise nature of the "encounter" between the
two Mn + spins.

Suppose that, as a Mn + diffuses through the lat-

tice, it arrives at some critical distance R, of another
Mn +. If R, is small enough such that the magni-

tude of the dipolar field H~(R, ) satisfies the in-

equality

yIIg(R, )r) n, (12}

then the precessional phase of both spins will be

drastically altered as they are suddenly subject to the
resultant field H, (R, ) =Hc+Hq(R, ). Here r is the
residence time of the Mn + ion (r '=wI+) Hence.
the transverse relaxation time T2 associated with the
spin-dephasing collisions in this slow-hopping limit
will simply be the average lifetime between en-

counters. ' We have

T2=(Z, cwI+) (13)

By Z, we designate some effective number of cation
sites within a sphere of radius R„centered on a
given Mn +, such that Eq. (12} is satisfied. Equa-
tion (13) predicts that the linewidth ~:(yTi)—
will increase linearly with increasing c and wI+. In
this slow-hopping limit, the collision-induced

broadening is independent of the coupling constant

H~(R, }. Since the data contained in Figs. 6 and 10
show the linewidth to be increasing with increasing
T (and hence wr+) the slow limit must extend to at
least 800 K. Figure 11 allows [d(~)ldc] vs T to
be determined; the results are collected in Table III.
It remains to estimate Z, . We arbitrarily assume
the spin dephasing to occur only when the Mn + are
either nearest or next-nearest neighbors (NNN) to
each other; hence Z, = 18. Using the relation
wr+(T) =y ~/Z, c and the values of ~/dc given
in Table III, one can calculate wI+(T) (see Table III).
One can test the consistency of the assumption of
Z, =18 in the following way. The magnitude of the
dipolar field at NNN position Hq(RNNN) =220 G.
When the hopping rate wr+ is equal to

TABLE III. Concentration dependence d(~)/dc of
EPR linewidths of Mn + and its estimated hopping rates
w+ in PbF2 at various temperatures. For sake of compar-
ison, the fluorine hopping rate w is also given.

650
675
700
750
800

d (~)/dc
(6 at. % dopant)

+20%

10.5
18.3
21.0
25.0
26.0

m+

(10 sec ')

230%

1.0
1.8
2.1

2.5
2.6

7.0
15.0
25.0
60.0
85.0

yHq(RNNN)=3 9X 10. sec ' the linewidth would
have its maximum value, for a given value of c.
Taking Z, =18, c=0.01, we estimate (~)',„(30
6 which is to be compared with observed collision-
induced broadening (~)',„=26G. This agree-
ment is surely fortuitious in view of the simplicity
of our treatment but it does establish the reasonable-
ness of the assumptions that have been made.

At the temperature corresponding to the max-
irnum in ~, T=825 K, we can compare the F
and Mn + hopping rates w /wr+-25. Although it
is comforting to find w )&wI+, it certainly makes
suspect a picture of a static cation sublattice, at least
as regards the Mn + impurities. Setting aside all
other differences (size, binding, etc.) between Pb +

and Mn + ions, one would expect the more massive
Pb + ion to diffuse more slowly so that, quite possi-
bly w /wpb2+ ) 100 at 825 K.

V. SUMMARY AND DISCUSSION

Our high-temperature studies have revealed some
interesting properties associated with the EPR of
Mn + in fluorite-type ionic crystals; the most strik-
ing of which are the collapse of the ligand
transferred hfs and the temperature and/or Mn +

concentration dependence to the linewidth. For
completeness, a summary of all processes that con-
tribute to the broadening of the individual Mn hfs
components in the EPR of Mn + in the XF2 and
SrC12 compounds is given in Table IV. One might
wonder as to whether the newly observed behavior is
peculiar to materials which exhibit superionic con-
ductivity. The evidence obtained so far would sug-
gest that indeed this is the case, since earlier studies
on MgO (Ref. 35) and KMgF3 (Refs. 7 and 35), for
example, gave no evidence of any increase in
linewidth or transferred-hfs collapse at high tem-
peratures. Hence significant anion hopping (disor-
der) and enhanced lattice anharmonicity appear to
be prerequisites for the behavior referred to above,
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TABLE IV. A summary of all of the line-broadening mechanisms that have been identified in the Mn~2 and

Mn:SrC12 EPR studies.

Line-broadening
mechanisms

Magnitude
(G/at. % dopant) c dependence T dependence

Systems in which

expected or
identified

F-Mn +; dipolar

Mn2+-Mn2+; dipolar (static)

2—3

14—29 (Mn)

None None

Linear, for None
c &10

All XF2

All XF2.SrC12

Unresolved ' F; Cl transferred hfs 9—12; &3 None
For T such that
w- &A'"' All XF2

Quasistatic crystal-field

distortions

Dynamic, anharmonic
phonon broadening

»100 for +—~—1 3

2 2
3 5

or 4—~—
2 2

1 10—30 for —~——
2 2

0—50

None

None

Strong at moderate

but vanishes when

w »D
Increases with T
nonlinearly

T Only SrC12—also

results in intensity

variations with T
SrC12, PbF2

Mn +-Mn'+ "collision"
broadening

0—40 (Mn) Linear for
c&10 2

Strong; maximum
when w+=yHd

PbF2, CaF2, and

BaF2

both of which are hallmarks of the superionic con-
ductor. We may well expect results similar to those
reported here in other superionic materials (e.g.,
Mn + in PbSnF4).

It is instructive to compare the results of our
studies with the extensive literature on Mn + EPR
in liquids' "' and magnetically dilute molten
salts. ' Of particular interest is the narrowing of
the Mn hfs under exchange collisions between

pairs of Mn + ions in the molten salt. First, it must
be noted that in the liquid (or molten salt) the rate

col, which characterizes the particle motion, and
therefore determines both the frequency of exchange
collisions and crystal-field modulation, is usually
much larger than Zeeman or Mn hfs frequencies
and is comparable to exchange frequencies (i.e.,
ait »coo or A ' '/ih' and col =co,„).In the solid, even

at the highest temperatures, the situation is quite the
opposite. These two regimes are referred to as the
"fast" and "slow" limits, respectively, ' in dynamic
crystal-field narrowing (broadening) of Mn2+ EPR
lines in liquids.

In regard to Mn hfs, what is seen in the molten
salts is the exchange narrowing of a single hyperfine
broadened line, i.e., Leo = (bohr, ) /co,„,where co,

„

is a function of the "hopping" rate, T, the viscosity
and the probability that an encounter between two
Mn + spins will result in a phase interruption, as
well as the Mn + concentration. In the "slow" lim-

it, which is appropriate to the superionic solid, and
where a completely resolved Mn hfs is present, one
might expect exchange collisions to produce a
broadening and an accompanying slow collapse of
the Mn hfs. The fact that there is absolutely no

evidence for the collapse of the Mn hfs in PbF2, as

a function of c and T, leads us to the following con-

clusion: The diffusing Mn + ions never occupy

nearest-neighbor cation positions simultaneously so as
to make an exchange collision possible. One possible
explanation for this tendency of one Mn + to avoid
another at closest range is that the ionic radius of
Mn + (0.8 A) is so much smaller than that of Pb +

(1.2 A). Having two Mn + as NN would result in

such a large, local strain deformation that it would

be energetically too costly to do so. Perhaps this ar-

gument would also be offered in explanation of the
low solubility of Mn + in PbF2.

The comparison of the hopping rates for the F
and Mn + ions in PbF2 given in Table III requires
further comment. The F motion is associated with

Frenkel defect formation and is an activated pro-

cess; its large variation with T in the range 650—800
K is a direct consequence of this fact. The fact that
the Mn + hopping rate appears to vary so little in

the same range of T suggests that it is not an ac-
tivated process but results indirectly from the large
anion disorder in the superionic region. Thus we ex-

pect that below 600 K Mn + diffusion would de-

crease precipitously in PbF2. It would be useful to
have a Mn tracer diffusion study at lower T in
Mn:PbF2.

We note that our conclusion of anharmonic pho-
non processes rather than dynamic crystal-field
modulation being responsible for the (c-independent)
T-dependent broadening in SrC12 as well as PbF2
differs from those of an earlier study on PbF2. The
latter work did not have the advantage our studies
had in working at two frequencies and with dif-
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ferent superionic conductors. The linewidth results
in Mn:SrC12 are particularly dramatic and, since
they are so much larger in magnitude than any of
the fluorides, suggest that covalency plays an irnpor-
tant role in the spin-phonon coupling. Finally, we
remark on our choice of a model for
dynamic —crystal-field modulation which concen-
trates on the motion of the vacancy rather than the
particle. The justification for this is that the cubic
crystal field is distorted only when a vacancy is
present; in the first approximation, it does not
matter if two anions exchange position and left the
field cubic. This reasoning is peculiar to the
crystal- field problem because, in discussing NMR,
conductivity, or the collapse of the transferred hfs,
the distinction between particle and vacancy need
not be made, provided the ratio of the two is kept in
mind. Again, in discussing crystal-field modulation
in a liquid, no distinction is made, but there it is a
consequence of "vacancy" and "particle" concentra-
tion being identical as are transit and residence
times.

1 1
1 +—p2+ —w ~

c c

The general solution of this equation is given by

p (t) +A e
—w(1+i/c)t1

2 1+ 2

where A2 is determined by the initial conditions.
Subtracting Eq. (Alc) from (Ala), we obtain

w

dt c
—(pi —p» = ——(pi —p3 },

so that

(A2)

The —, factor in Eqs. (Ala) and (Alc) results from
the equal probability of switching from 0 to D or 0
to —D.

These coupled, first-order differential equations
are solved by first noting that

dp2 1=w (1—p2) —p2dt c
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APPENDIX A: AUTOCORRELATION
FUNCTION (D (0)D (t) ) OF THE AXIAL

CRYSTAL FIELD IN A SUPERIONIC
CONDUCTOR

For simplicity, we take the following as a model
for the axial distortions of the cubic crystal field
that occur when a vacancy resides at any near-
neighbor anion site to a Mn + . If the vacancy is
present, then the axial field can take on the values
+D and is zero otherwise. Let pi(t), pz(t), and p3(t)
be the respective probabilities that at time t the axial
field is + D, 0, or —D. If w is the anion-hopping
rate, then the vacancy-hopping rate is w /c, where c
is the vacancy concentration. Neglecting the proba-
bility of a transition directly from D to —D or vice
versa, the rate equations can be written as follows:

so that

&
—w( 1+1/c)t

1 +c

pi 3(t)= c 1—(A, +A, e )e-' ~'" . (A4)2(1+c) 2

Generally, the autocorrelation function of the axial
field D (t) will be given by [assutning D (t) to be real]

(D(0)D(t)) =(D(0)[Dpi(t)+Dp2(t) —Dp3(t)]) .

(A5)

The probability that D(0) =+D is —,[c/(1+2)] and

that D(0)=0 is 1/(1+c). The case where D(0)=0
does not contribute to (D(0)D(t) ); when D(0) =D,
we get p, (0}= 1, p2(0}=p3(0) =0, and
A2 = —1/( 1+c), Ap= 1. When D(0) = —D A2
remains the same and A p =—1. Let p, ~(t) and

p, 3(t) be equal to p & (t) and p3(t), respectively, when
D(0)=D and let ptt, (t) and ptt3(t) be equal to p, (t)
and p 3 (t), respectively, when D (0)= —D. Then
from Eq. (A5), we have

where again A p is determined by specifying the ini-
tial conditions. Finally,

pi{t)+p3(t)=1—p2(t)

dp3 1 1

dt 2 cp2 — p3 ~ (A lc)

(D (0)D (t) ) =— [D'[p, i(t) —p, 3(t)]
2 1+c

—D [ps i(t) —pit3(t)] j
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or

cD e(D(0)D(t) ) = l+ e ' '" . (A6)1+c 1+c

Note that the autocorrelation function decays (effec-
tively) at the vacancy-hopping rate w/c and not the
anion-hopping rate w, and its apparent amplitude is
V'c/(1+c) D and not D.
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