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Temperature dependence of the '9F transferred hyperfine interaction in the EPR of Mn2+:PbFz
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The EPR of Mn + in PbF2 has been reexamined in an attempt to resolve the apparent discrepancy
between the values of the ' F transferred hyperfine structure {hfs) A ~'~ and A & previously observed
in EPR measurements made between 77 and 300 K with those obtained from NMR studies below 2
K. Between 77 and 50 K the EPR is found to broaden, and the ' F transferred hfs undergoes an
abrupt change below -50 K suggesting that a local lattice distortion occurs. Below -20 K a well-

resolved transferred hfs reappears. The high- and low-temperature values of A ~'~ and A & now
agree with the aforementioned EPR and NMR results.

I. INTRODUCTION

Magnetic impurities have been introduced into the su-
perionic conductor PbF2 as a tool to study the motion of
the F anion carrier. ' %'hen a Mn + impurity substi-
tutionally replaces a Pb + in PbF2, a strong transferred
hyperfine interaction (thfs) A' exists between the Mn +

and the nearest-neighbor (NN) ' F nuclei. The study of
this interaction is important because it is essential to the
understanding of the ' F nuclear relaxation in Mn:PbF2
(Ref. 1) in the superionic region.

In the present work, the electron paramagnetic reso-
nance (EPR) of Mn + in Mn +:PbF2 was reexamined in
an attempt to resolve an apparent contradiction between
an earlier EPR study above 77 K and an NMR investiga-
tion below 2 K, in regard to the magnitude of A|'~ and
Az, which are, respectively, the parallel and perpendicu-
lar components of the ' F thfs relative to the Mn +—F
bond axis. The previous EPR work exhibited a ' F thfs
spectrum which was not well resolved and was examined
only with the field along the [100] direction of the crystal.
As a result, only the quantity [—,'(AI~ ) + —', (AI ) ]'
=25+1.5 MHz was determined at T=77 K. The later
NMR study below 2 K determined A ~'~ and A & separate-
ly from the observation of the resonance of nuclei of F
ions which are NN to a Mn + impurity, by rotation of the
external field in the (110) plane. The NMR was unobserv-
able for T )2 K. A value of the quantity [ —,(AI~ )

+ —,(AI ) ]' =35.6+0.01 MHZ was obtained at T=1.5
K. It was suggested that a possible misalignment of the
crystal in the first experiment was responsible for the
discrepancy between the two values.

The present work resolves this apparent discrepancy. It
will be shown that our results for A~'~ and A& are in
agreement with the earlier EPR study from room tem-
perature down to approximately 50 K, but at T=50 K,
the equilibrium positions of the F nuclei NN to a Mn +

change, bringing the values of A 1119 and A i19 closer to those
reported in the lower tempeature NMR experiment.

In Sec. II of this paper, we discuss the spin Hamiltoni-
an appropriate to Mn + in Mn:PbF2. Section III de-
scribes the experimental procedures, the observed EPR
spectra, and their comparison with the theoretically ex-
pected ones. In Secs. IV and V we discuss the experimen-
tal results and the conclusions, respectively.

II. SPIN HAMILTONIAN

When introduced substitutionally for Pb + in P-PbF2,
the Mn + ion occupies the center of a cube formed by
eight fluorines. ' The spin Hamiltonian appropriate to
this situation is

8
P'=gp Ho'S+As5lss S—y 5H I + $ S.A~' I|9

J j
J =1

8—y" g H I,"+A,„„,
j=1

where S, I, I', and Ho are the Mn + electronic spin
( S = —,), the Mn nuclear spin (I = —', ), the ' F nuclear

spin (I' = —,
'

), and the applied external field, respectively.
The first term represents the electronic Zeeman energy,
the next two the Mn hfs and Zeeman interactions, the
fourth and fifth terms the thfs interaction between the
Mn + and ' F spins, and the F' nuclear Zeeman energy,
respectively, with sums taken over the eight fluorines NN
to the Mn +. The last term is the cubic crystal-field in-
teraction, which is hereafter neglected because it gives rise
to the negligible corrections to the values determined for
the ' F thfs parameters. First, consider the effects of the

Mn hyperfine interaction on the EPR spectrum. At a
constant frequency, the allowed electronic transitions
~M, m )~

i
M+1,m ) to third order in 2 occur at

fields given by

~ =Ho —~ "m "—[(~")'&2~0][I"(I"+1)—(m ")'—m "(2M —1)]
—[(2 ) /2HO]I(2M —l)[2I (I +1)—3(m ) ]—m 5[S(S+1)+Iss(I5s+1)—2 —(m5s)2]+3ms5M(~ —1)I,
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where M and m are the quantum numbers for S, and
I, , respectively, with z the direction of the applied field.

The EPR spectrum will consist of six hyperfine lines
split by the term A m . The terms second and third or-
der in A depend on the electronic quantum number M,
and'thus give an additional "fine-structure" splitting to
the m hfs. For the particular hyperfine component
m = —,, however, with the values A = —95 Oe and Ho
corresponding to the X band, the M dependence is ac-
cidentally smaller than it is for the other m com-
ponents, and the additional fine-structure lines will be al-
most superimposed.

The effect of the ' F thfs term is to further split the
electronic transitions. Since A ~~A', the thfs will be
superimposed on each Mn hyperfine component. The
m = —, hyperfine component alone will show a we11-

resolved thfs, without further splittings due to the M
dependence. That part of the spin Hamiltonian which de-
pends upon the ' F nuclei may be written, for each nu-
cleus, as

A =S.AJ' IJ' —y' Hp(IJ' 'z) . (3)

For sufficiently large Hp we may express S A2 as

MAJ -z. The individual ' F nuclei are then quantized
along an effective magnetic field

M ~19
Heff —Box A j x oy"

In ordinary EPR, the nuclear Zeeman energy is much
smaller than the transferred hyperfine energy. In this

I

case, the electronic transitions ~M)~ ~M+I) do not
change the direction of the effective field, and do not flip
the ' F nuclear spins. The allowed transitions are

~M, m",m")~ ~M+1,m",m") . (5)

If the change in the field direction is /=0 or /=180', one
pair of transitions will be almost inhibited; the resulting
spectrum in this case is simple. On the other hand, a
spectrum with significant contributions from both al-
lowed and forbidden transitions is called complex.

The spectrum that results in this case has been called sim-
6

When the nuclear Zeeman term and the transferred hy-
perfine interaction are comparable in magnitude, the elec-
tronic transitions may induce nuclear transitions

~

m ' )—+
~

m '
+ 1). Let the unit vectors along the direc-

tion of the resultant field for the two electronic states be g
and 2I, respectively, and p the angle between the two ef-
fective fields. If

~
+) and

~

—) are the initial states
along g, the final states along 2I are

~
+ ) =cos( —,

'
P)

~
+ ) +»n( —,

'
P)

~

—),
~

—) = —»n( —,'y)
~
+)+cos( —,'y)

~

—) .

The transition probabilities are given by r; and s;:

~
+) ~+) and

~

—) I

—)~; s;=cos ( —,P)

( + )—+
(

—P and
(

—)~
)
+ )~; r; =sin ( —,

'
q5) .

cosP = P(M)P(M —1)cos 8+Q(M)Q(M —1)sin 8
[P (M)cos 8+Q (M)sin 8]'~ [P (M —1)cos 8+Q (M —1)sin 8]' (8)

P (M) =MA
)~

—y' Hp,

Q(M)=MAi —y' Hp .
(9)

The ' F line positions and their intensities are obtained by
the expansion of the following expression, for arbitrary x
(Ref. 6):

U —U. v —v.
Q [r, (x +x )+s, (x +x )], (10)

where 0 is the angle between the applied field and the
Mn +—F bond axis—a [111] direction of the crystal.
P (M) and Q (M) are given by

The exponents of x in this expansion give the field posi-
tions of the fluorine superhyperfine transitions, and the
associated coefficients give the relative intensities. The
intensities should also be multiplied by the proper factor
for the relative intensities of the fine-structure lines,

( 5:8:9:8:5) . (12)

It will be seen in Secs. III and IV that in our experiment
the specific conditions necessary to observe a complex
spectrum are satisfied below 50 K for Hp applied parallel
to the [100] direction of the crystal. In all other cases, the
spectrum will be simple, and the expressions for the field
shift Z of the EPR due to the ' F thfs can be reduced to

where

U2 = —, [ [P (M)cos 8+Q (M)sin 8]'~
Z = g mj~ [(A ('( ) cos OJ+(A q ) sin OJ]'~

j=1
(13)

+[P (M —1)cos 8+Q (M —1)sin 8]'~ ]

V~ = —,[[P (M)cos 8+Q (M)sin 8]'~

—[P (M —l)cos 8+Q (M —1)sin 8]'~ j .

When Hp is'applied parallel to [100],Oj =54.7' for all the
eight NN ' F nuclei, and Z becomes

Z 19[ & (g &9)2+ & (g &9)2]1/2

where m ' =—g. &mz', and the ' F thfs consists of nineJ
lines, corresponding to the allowed m ' values. Since the
splittings in this case are all equal, we denote them by z
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and Z =m' z.
If Ho is applied parallel to [110],there are two groups

of four equivalent ' F; one group has OJ
——90', for which

Z$ ——m$ A' (15)

where m
&

is the sum over the mz's of the four ' F.
The other group has gj ——35.3, and

Z '19[ & (g &9)2+ & (g &9)2]1/2 (16)

where mz is the sum of the mj's of these four ' F. The
' F thfs is obtained for Ho~

~
[110]by adding (15) and (16),

giving a total of 25 possible lines.
With Ho~ ~[111] direction, there are two ' F that have

OJ ——0' (Ref. 8), for which

Z $
—Pl (17)

and there are two groups of three ' F having OJ
——70.5'

and OJ
——109.5', respectively; for them,

zq ——m2 [0.111(AI~ ) +0.688(AI ) ]'~ . (18)

rn I and m 2 are the sums of mj over the first group
of two and the second group of six ' F, respectively.

The ' F thfs is obtained for Ho ~[111] by adding (17)
and (18). The expressions for the resonant fields Ho given
above were used to generate the computer spectra to com-
pare with the experimental results of Sec. III.

III. EXPERIMENTAL PROCEDURES AND RESULTS

We have measured the X-band EPR of Mn + in
Mn:PbF2 with a Bruker EPR spectrometer. The data
were averaged and recorded with a Nicolet model No.
1270 Instrument Computer. The sample was a )33-PbF2
crystal, with a concentration c=0.015 mo1% of Mn +.
It was oriented using standard x-ray diffraction tech-
niques.

Ho was applied in the (110) plane, perpendicular to the
axis of rotation The [.100], [110], and [111] directions
were found by rotating the sample and looking for intensi-
ty maxima in the EPR spectrum. The temperature was
measured with a chromel versus Fe:Au thermocouple with
the temperature difference between the thermocouple and

i

FIG. 2. Observed EPR spectrum of Mn +, for Ho~ ~[110],at
(a) T =293 K and (b) T =6 K.

the sample in the resonant cavity no more than 1 K. The
modulation field used was 0.8 Oe.

The observed, small field modulation, derivative EPR
spectrum of Mn + in Mn:PbF2 is shown in Fig. 1 with
Ho~ ~[100], at room temperature and T =6 K [Figs. 1(a)
and 1(b)], respectively, and in Fig. 2 with Ho~ ~[110]at the
same two temperatures [Figs. 2(a) and 2(b)]. In both
cases, we see that the thfs in the room-temperature data is
sharpest and best resolved on the m = —, component, be-
cause of the near cancellation of the m dependence of the
second- and third-order Mn hfs on this line, as men-
tioned above. All other I components are more severe-
ly broadened. Between T =77 K and T =6 K several
dramatic changes occur. In the [100 data, the sharp thfs
nearly disappears from the m = —, line, while in the
[110] data, the thfs becomes much sharper and better
resolved, and appears equally on all m components.

The evolution of the ' F thfs superimposed on the par-
ticular Mn + hfs component I = —,

' is shown in Figs. 3
and 4 for Ho~ ~[100] and Ho~ ~[110], respectively, for dif-
ferent temperatures. In these figures the upper spectra (a)

{a)
60 K

FIG. 1. Observed EPR spectrum of Mn + (c =0.015 ) in
Mn:PbFqfor Ho~~[100] at (a) T =293 K and (b) T =6 K.

8.5 K

FIG. 3. thfs observed on the I '=
2 component of the EPR

spectrum for Ho~
~
[100], at different temperatures. (a) Ob-

served; the gains used are 3.2)& 10', 5 & 10, 5 && 10, and
3.2&(10 for room temperature, 60, 20, and 8.5 K, respectively.
(b) Computer simulated, using Eq. (14) and the parameters listed
in Table I.
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TABLE I. Parameters determined from the best fit to the
computer simulations of Eq. (14) for different temperatures for
H, i ~

[100].

60 K
293

60

z (MHz)

24
24

AH~p (Oe)

7.5
10

20 K 8.5 K

FIG. 4.- thfs observed on the rn' =
2 component of the EPR

spectrum for Ho~i[110], at different temperatures. (a) Ob-

served; the gains are the same as in Fig. 3. (b) Computer simu-

lated, using Eqs. (15) and (16), and the parameters listed in

Table II.

are the experimental ones, and the lower (b), the
computer-generated simulations, which will be discussed
in the following section. Between room temperature and
T =60 K, the thfs for both orientations is seen to broaden
and weaken somewhat, but otherwise there is no change in
the spectra. At T =20 K, both spectra have changed, but
are not well resolved. At T =8.5 K, the [100] spectrum
appears to be very complicated: Many sharp lines are
visible, but no regular pattern is apparent. The [110]data,
however, show a new, quite different resolved structure.

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS

In the analysis of the results, the following three tem-
perature regions can be distinguished.

(a) High-temperature region: 50 & T & 300 EC. The
thfs that is superimposed on the Mn + hyperfine com-
ponents other than the I = —,

' is split by the fine struc-
ture, indicating that in this temperature region all of the
electronic transitions are observed. All of these transi-
tions are essentially purely "allowed, " except for the

i
—, )~ i

——, ) one, which is complex, having significant
probabilities for both allowed and forbidden transitions.
However, the observed spectrum is the sum of the five
electronic transitions with relative intensities given by
(12). The complex

~

—,
' )~ i

——,
' ) transition, with relative

weight of only —„,is not seen, and the spectrum appears
to be simple.

For Hoi st[100] the thfs at room temperature is found to
be indistinguishable from a simple 9-line spectrum as
shown in Fig. 3(b). The value of z =24 MH~ required to
fit the data at T =293 and 60 K (Table I) agrees quite
well with the value previously measured at T =77 K (see
Table III).

For Hei~[110], the spectrum is also indistinguishable
from a simple one. For the ratio AI'i /Aj ——2.43, many
of the 25 lines given by Eqs. (15) and (16) overlay, giving
a 13-line spectrum. The values of A~'~ and Az used in
the simulation are shown in Table II. The best values of
z, Aii, and Ai which simultaneously fit both the [100]

TABLE II. Parameters determined from the best fit to the
computer simulations of Eqs. (15) and (16) for Hoist[110] and
Eqs. (17) and (18) for Hoist[111], for different temperatures.

Direction T (K) Wii (MHz) ~, (MHz) aa„(Oe)
[110] 293

60
20

8.5
8.5

36
36
39.2
46.2
46.2

14.85
14.85
26
26
26

5.5
6
3.4
3
5

and [110] data are shown in Table III. In all cases,
Gaussian line profiles were found to give the best agree-
ment between experiment and the simulations, with
widths indicated in Tables I and II. The thfs observed is
consistent with local cubic symmetry around the Mn +,
but the linewidths broaden as the temperature is lowered.

(b) Intermediate region: 20& T&50 IC. A broad back-
ground is observed added to the thfs in this temperature
region, and the thfs is not resolved. This we attribute to
the beginnings of a random crystal distortion, which pro-
duces the background observed and ultimately results in
substantial changes in the values of A

i~
and A j at T ~ 20

K.
(c) Loio temperatu-re region: T&20 K. The '9F thfs

with Hei[110] is identical for all of the m components,
including the - m = —,'. This implies no M-dependent
splitting, which can be true if only the M —+M —1 transi-
tion is present, as shown by Eq. (2). The intensities of the
' F thfs are reduced, after corrections for T, to —,', of the
corresponding intensities at room temperature, indicating
that the only transition observed is

~

—, )~ i

——, ).
What has happened to the remaining outer electronic

transitions? We believe that they are broadened by ran-
dom crystal distortions, and only contribute to the ob-
served background for T & 50 K. The perturbing Hamil-
tonian represented by an axial or orthorhombic distortion
affects the outer electronic transitions (i.e.,

i
+ —,

' )~i+—', ) and i+ —,
' )~i+ —,

' )) to first order in

DiH, where D is the axial field distortion and H is the
applied field, but the

~

—, )—&
i

——,
' ) transition is affected

only to second order in D/H. If D were the same at all
sites of the crystal, the transitions would be just shifted in
frequency. However if D is random in magnitude and
direction, the spectrum would be homogeneously
broadened as is observed.

The spectrum observed for Hi i
[100] is extremely com-

plicated and essentially unresolved because it is comp/ex.
Only the

~
+ 2 )~

i

——,
'

) transition is seen at low T,
which is the one with appreciable "forbidden" intensity.
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TABLE III. The best values of A )'), A z, and z, as determined by fitting the spectra in the [100] and

[110]directions simultaneously, for different temperatures, and their comparison with those obtained in

Refs. 3 and 5.

Reference

This experiment
Measured in Ref. 3
This experiment
This experiment
Measured in Ref. 4

50(T &293
77
20
4.5
2

A ~'( (MHZ)

36+0.5

39.2+ 1.5
46.2+1.5

49.58+0.02

A ' {MHz)

14.8+0.5

26+ 1.5
26+ 1.5

26.04+0.01

z (MHz)

24.1+0.3
25+ 1.5

31.0+0.3
34+ 1

35.6+0.01

A,
' =(2At +A)') )/3 . (19)

Figure 5 shows the measured temperature dependence of

~ 0 e ~ ~ 0

T (K)
FIG. 5. Measured symmetric component of the hyperfine

tensor, A,', as a function of temperature. Note the abrupt
change in A,' that occurs in the region around 50 K.

Using Eqs. (7) and (8), we find r =0.86 and s =0.14, us-
ing the parameters determined from the Ho~ ~[110] data.
These probabilities result in appreciable intensities for an
extremely large number of closely spaced lines, as seen in
the data. No attempt at fitting the spectrum has been
made.

For Ho~ ~[110], the four ' F with oi =90' give a 5-line
spectrum of purely allowed transitions. For the other
four, with 8~ =35.3', the transition probabilities are found
to be r;=0.95, s;=0.05. Thus the spectrum is close
enough to simple that the forbidden lines are not seen.
For the ratio 3)') /Az ——1.78, several lines of the 25-line
spectrum overlap, resulting in a fairly simple spectrum of
19 lines, the outer two of which are much weaker than the
others, and are not seen. The simulation in Fig. 4 nicely
reproduces the sharp part of the experimental spectrum.
The parameters obtained for the best fits to the data are
given in Tables II and III. The broad background in the
data presumably arises from broadened transitions other

The thfs shows that the local symmetry is still nearly
cubic. The values of A ~'I and Az obtained, shown in
Table III, agree reasonably well with those measured by
Vernon and King at 2 K but differ substantially from
those at higher T. The symmetric part of the hyperfine
interaction can be expressed as

3,' . If A,
' is assumed to be proportional to r, where r

is the impurity-ligand distance, ' then the change in A,'

at 50 K implies a 6% reduction in r. But neutron scatter-
ing experiments"' show there is no anomalous tempera-
ture dependence of the lattice constant in pure PbFz, and
that, between room-T and 50 K, r is only reduced by
0.6%, because of thermal expansion. Thus the change in
A cannot be explained simply on the basis of thermal ex-
pansion, namely anharmonic effects. Nor can the har-
monic vibrations of the lattice cause 3,' to decrease at
high temperatures —in fact just the opposite would be the
case."

A likely explanation is that a local contraction of the
Mn +-F nearest neighbor separation occurs upon cooling
below 50 K and this manifests itself in two ways. First,
the ' F thfs interaction increases as T decreases and
second the strain caused by the local distortion results in a
propagating strain field which in turn produces a random
axial (and/or orthorhombic) crystal field. The latter
broadens all EPR transitions except the ] —,

' )~
~

——,
' ) to

first order in D.

V. SUMMARY AND DISCUSSION

The comparison between our experimental results for
A ~'~, Az, and z, and those previously reported ' is given
in Table III. Our high- T results are seen to agree with the
earlier EPR measurements at 77 K and the low-T ones
agree with the NMR measurements made below 2 K.
This resolves the earlier apparent discrepancy between the
EPR and NMR measurements.

Vernon and King did observe evidence of line broaden-
ing in their 2-K experiment. The NMR signal of the ' F
nuclei NN to a Mn + ion appeared to be inhomogeneous-
ly broadened, with the broadening very angularly depen-
dent. When the magnetic field Ho was applied parallel or
perpendicular to [111],broadening was at a minimum and
approximately 50 Oe. In these positions, the field posi-
tions of the NMR lines are given by A ~'~ and A z, respec-
tively. The broadening was attributed to a distribution of
the parameters as might result from a distribution of
Mn-F distances.

What can be the origin of the distortion? Samara' in-
vestigated the dielectric properties of PbF2. He found an
anomalous temperature dependence and a large value of
the real part of the dielectric constant e', which he associ-
ated with a soft, long-wavelength, transverse-optical pho-
non. He suggested that PbF2 was an incipient ferroelec-
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tric, with .a negative T, . We believe that this soft mode
might be related to the observed crystal distortion in that
it implies a sensitivity of the crystal to distortions. This
distortion is probably a consequence of the smallness of
the ionic radius of the Mn + (0.80 A), relative to that of
Pb + (1.2 A). It would be of considerable interest to in-
vestigate the temperature dependence of the transverse-
optical mode to see if it correlates with the results of the
present experiment.
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