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The electron-paramagnetic-resonance (EPR) linewidth A H of the strongly exchange coupled paramagnets,
MnF,, KMnF;, RbMnF;, and CsMnF;, was studied from 300 to 1450 K. Relative to the Néel temperature Ty
this region encompasses temperatures of the order of 3 < T/ Ty < 15 in the solid and some 200-350°K into
the molten state. The XMnF; (X = K, Rb, and Cs) salts all show a A H which monotonically increases with
temperature up to the melting point T,,. At T, an abrupt doubling of A H occurs, followed by a decreasing
linewidth with increasing temperature. The linewidth of MnF, exhibits a most striking behavior; beginning
some 200°C below T, the linewidths AH" and A H'! (parallel or perpendicular to ¢ axis) decrease
rapidly, with the anisotropy (1 — AH" /A H') in A H changing sign before melting. No abrupt change in A H
is found upon melting. EPR in magnetically diluted but structurally isomorphic salts (e.g., KMn,_ Mg F;) was
investigated in both solid and molten states. Resolved **Mn and '°F hfs were found in the very dilute solids
but not in the liquids. Linewidths as functions of concentration were obtained in both cases. A theoretical
interpretation of the temperature dependence of A H in the dense magnetic salts is given. Rigid-lattice spin
dynamical contributions are examined and are found to be small. Lattice vibrational effects (harmonic and
anharmonic) on the temperature dependence of the dipolar and exchange interactions, as they affect the
linewidth, were studied. From the combined theoretical and experimental studies, for the simple cubic KMnF;
and RbMnF; compounds, the temperature dependence of the exchange interaction is deduced in the region
T =4Tyto T = T,. The anomalous behavior of the MnF, linewidth and its anisotropy below T,, is interpreted
as resulting from the activated interchange of nearest-neighbor Mn*>* ions along the ¢ axis, with E,~ 0.3 eV.
The magnitudes of the linewidth in the molten states of all of the dense paramagnets are shown to correspond
to a correlation time for spin exchange or motion (and/or chemical exchange) 7, ~10~'? sec. The dilution
experiments in the molten state suggest that spin exchange continues to be important in the liquid until very

low magnetic ion concentrations.

I. INTRODUCTION

The structure and width of electron-paramag-
netic-resonance (EPR) and nuclear-magnetic-
resonance (NMR) line profiles yield information on
the amplitude and spectral density of the local-
field fluctuations from which certain characteristic
properties of the electronic-spin-correlation
functions may be inferred. Such information for
the high-temperature solid and molten phase of
paramagnets is scarce. EPR studies of the mol-
ten state have been confined mainly to diluted
chlorides,’™® where the question of observability
or narrowing of the 5°Mn hyperfine structure (hfs)
was of primary interest.

We began our investigations with the intent of
understanding high-temperature “motion” in the
broadest sense—including the influence of lattice
vibrations in the solid as well as atomic migration.
The fluoride salts of manganese were chosen—
despite their chemical aggressivity at high tem-
peratures—because the S-like character of the
Mn?* free-ion ground state simplifies the inter-
pretation considerably and because dipolar, *Mn
hyperfine, as well as '°F superhyperfine, inter-
actions can be studied. Specifically, we examined
(cubic) KMnF, and RbMnF,, (hexagonal) CsMnF,,
and (tetragonal) MnF,. In addition, a parallel

study of the '*F NMR in these same substances
was conducted in our laboratory* in the hope of
obtaining complementary information.

After providing the details of the experimental
procedures in Sec. II, we give the EPR linewidth
results for the solid and molten states of the
above-mentioned pure materials in Sec. III. In
addition, the results obtained on mixed magnetic
fluorides (e.g., KMnF,-MnF,) in the molten state
as well as magnetically diluted systems, in both
solid and molten states, are given in the same
section.

In Sec. IV, an interpretation of the experimental
results is presented. We first note that rigid-lat-
tice theories, as developed in the Appendix, are
qualitatively inadequate to explain the observed
temperature dependence of AH. (The Appendix
examines two such theories in some detail; the
first utilizes the relaxation function approach of
Mori and Kawasaki® as applied to the EPR line-
width problem by Mori® and by Huber.” The se-
cond is the dynamical Green’s-function theory of
Tomita and Tanaka.®"'°) A simple theory of lat-
tice vibrational effects (both harmonic and an-
harmonic) on the dipolar and exchange inter-
actions is given and the temperature dependence
of these quantities and the linewidth is estimated
for KMnF, and RbMnF,. For these two com-
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pounds the spin dynamical and lattice vibrational
theoretical results and the experimental measure-
ments are combined to obtain the temperature de-
pendence of the exchange interaction in the region
4T, < T<T,. For MnF, the anomalous behavior
of the linewidth just below T,, is interpreted in
terms of an activated interchange of near-neigh-
bor Mn ions along the crystal ¢ axis with E, =0.3
eV. Finally, a qualitative discussion of the mol-
ten-state results is presented showing that the
time that characterizes the decay of the relevant
correlation function, whether due to spin exchange
and/or motion, is of the order 7,,~107'% sec in all
of the dense paramagnets.

II. EXPERIMENTAL PROCEDURES

The samples utilized in this investigation were
prepared in the Solid-State Materials Laboratory
of the University of California, Santa Barbara Phy-
sics Dept. The starting material for the crystal
preparation was obtained by precipitation using
analytical reagent-grade chemicals. For example,
RbMnF, was formed by adding MnCO, to a solution
containing a slight excess of RbF in 48-volume %
HF acid. The main source of transition-metal-ion
impurities for the crystals was the fact that the
MnCO, contained about 500-ppm Zn and <10-ppm
Fe or Ni. These in no way affected our linewidth
measurements.

All EPR measurements were made at about 9.3
GHz with a simple “magic tee” microwave bridge.
Figure 1 gives a sketch of the setup. An Impatt
diode was used as a constant-frequency rf source.
Of particular advantage was the low noise of the
Impatt diode near the carrier frequency, when
using low-frequency magnetic field modulation as
required by the construction of our cavity. The
extreme simplicity of the setup lent itself to easy
adjustments in the frequency mode when samples
melted, and provided longtime frequency stability.
For most measurements, the relatively low maxi-
mum power level of about 10 mW and the poor
sensitivity of 2x10' spins/Oe of width at ambient
temperature with a 1-sec time constant, was
adequate. In any case, the main difficulty in the
molten-state experiments was frequency and am-
plitude modulation noise resulting from the bubbl-
ing of the liquids.

In addition, a frequency-modulated klystron,
connected via a 20-dB cross coupler, was used to
“set up” the measurements; e.g., to adjust the
hole and screw-type coupling of the cavity, to
determine the temperature dependence of the
cavity’s loaded @, or to allow tuning of the Impatt
diode (variable but unmodulated in frequency) un-
ambiguously to the cavity resonance and not ac-
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FIG. 1. Sketch of microwave setup (left) and high-
temperature TE y, cavity (right). Left: ID: Impatt
diode; K: klystron; T: 50-Q termination; cc: 20-dB
cross coupler; Is: isolator; At: attenuator; MT: magic
tee; ¢ : phase shifter; C: cavity; WM: wavemeter;
Xtal: crystal detector. Right: PQ: platinum-pasted
sand-blasted quartz heater tube with soft-soldered con-
tacts; FI: Fiberfrax insulation; BP: boron nitride plug,
place of thermocouple; TC: thermocouple feedthrough;
cr: crucible made of pyrolytic boron nitride (oriented
for higher thermal conductivity parallel to long axis)
with sample and boron nitride plug. Sample size and
position (filling factor) varied in order to fulfill the
conditions of sufficient number of spins, no radiation
broadening and d>6 (see text), N,: connection to nitro-
gen; WCS: water-cooling system,

cidentally to some spurious power minimum.
Fiberfrax insulation of platinum-strip-coated
sandblasted quartz tubes allowed our water-cooled
TE,,, cavity of the Singer et al.’? type to be opera-
ted up to temperatures of about 1400°C. Sample
containment and/or decomposition (oxidation)
ultimately limited how high in temperature a
given experiment could be performed. The thick-
ness of the resistance-heated Pt strips was ad-
justed so as to minimize temperature gradients
inside the cavity. Strips with constant cross sec-
tion led to large temperature differences between
the sample center and a point 3 mm below the bot-
tom of the cavity (where the thermocouple was
placed during EPR measurements). However, the
resistance in the center region of the heater could
be decreased by trial and error (e.g., painting
more Pt paste in this region) so as to reduce
temperature differences over the designated length
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to +10°C up to 1100°C.

Most temperature measurements were performed

with chromel-alumel thermocouples. With our
well-filtered current or voltage controlled dc
power supply, temperature stability during mea-
surement exceeded +1°C. Hence the error bars
shown in the following figures give the uncertainty
in absolute value of the temperature. As is com-
mon practice in high-temperature physical chem-
istry we use the centigrade scale for the experi-
mental results.

Because of the extremely' corrosive properties
of the fluoride salts at high temperatures (particu-
larly when they are molten) it was necessary to
contain them in crucibles made of pyrolytic boron
nitride,'® closed with a plug of sintered boron ni-
tride. Closed crucibles were essential to prevent
oxidation and decomposition despite the fact
that precaution was taken to surround the heater
tube with dry N,. The noncubic samples could
easily be oriented by x rays and optical means to
better than 1°. However, upon transferring into
the crucible and then into the cavity, alignment
withrespect to the magnetic field was often not bet-
ter than +3.5°, This could be inferred from mea-
surements of the angular dependence of the line-
width.

In all of the systems studied, the lines in both
the magnetically dense solid and molten para-
magnets were Lorentzian in shape, to within ex-
perimental accuracy. The peak-to-peak line-
width (AHPP) in the solid state was determined
from a comparison of the theoretical with the ob-
served derivatives of absorption lines, recorded
using 280-Hz field modulation.'* Especially in
the lower-temperature range where the volume
susceptibility is large, care had to be taken to
prevent radiation-induced broadening due to in-
admissibly large sample size.'®> An additional
problem with the molten salts is that they have an
appreciable electrical conductivity [e.g., o=5
(2 cm)~! and a skin depth 6 of about § mm for
MnF, at 9.3 GHz and 1000°C]. Therefore, in or-
der to observe well-defined line shapes, a sample
size d>> 5 or d<<6 must be used.'®

Large samples were used to try to realize the
first extreme. Alternatively, two procedures
were employed, both of which gave identical
values of AH, to within experimental error;
either (a) the bridge was tuned for absorption but
combined absorption-dispersion signals were ob-
served. As is well known in EPR in metals the
recorded lines can then be analyzed using the dia-
grams given by Peter et al.,'” or (b) the bridge
was adjusted by trial and error with varying mix-
tures of absorption and dispersion until a simple
absorption derivative line profile was obtained.

This was then analyzed as it would be in the solid
state.

The use of “large” samples—unfavorable only
for the very dilute systems—gave us convenient
access to supplementary information; for ex-
ample, we could observe and follow semiquanti-
tatively how samples became conductive via their
microwave losses well below T, (e.g., MnF, be-
gins to be noticeably conductive well below T,,),
and a decrease in the asymmetry in the line pro-
file in the molten state signaled the onset of in-
creasing sample oxidation. Since oxides of Mn
with higher melting temperatures yield linewidths
that are similar in many instances to the ones re-
ported here, temperature reversibility of the
measurements played a crucial role. For these
reasons it was essential to take polycrystal as
well as single-crystal data in the solid state.

III. EXPERIMENTAL RESULTS
A. Solid-state pure systems

1. XMnF3(X=Rb, K, Cs)

The EPR linewidth AH has been investigated by
others in the temperature region below 300 K.
Their results may be briefly characterized as
follows: In RoMnF,,'® AH is virtually constant with
some slight narrowing as T approaches Ty =83 K;
KMnF, is reported to have a temperature inde-
pendent AH,' even near Ty =88 K, while hexagonal
CsMnF, exhibits a characteristic critical diver-
gence of AH as T approaches Ty=55.3 K.?°

Our measurements, which begin at 300 K and
are shown in Figs. 2 and 3, reveal a somewhat
similar behavior for all three XMnF, compounds
with regard to the temperature dependence of AH.
In a rough fashion, we may characterize the line-
widths as showing an approximately linear in-
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FIG. 2. Temperature dependence of the EPR linewidth
for the solid and molten double fluorides KMnFj,
RbMnFj;, and CsMnF;. The solid-state data of KMnF;
are not included but are given separately in Fig. 3, be-
cause of the extreme similarity to the RbMnF3 data. The
broken vertical lines indicate the respective melting
points.
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FIG. 3. Temperature dependence of the linewidth for
solid KMnF; at 9.3 GHz. The solid circles represent
averages over at least three measurements. Accuracy
of the data below 25°C is poor, because we used our
high-temperature cavity system for these measurements.

crease in AH with T that persists until the vicinity
of the melting point T,, with the following values
of SAH/6T: 14.3+1.6(RbMnF,), 13.8 +0.9(KMnF,),
and 9.5:1.8 (H,||¢; CsMnF,), 11.3+1.3 (H,15;
CsMnF,), all in units of mGs/K. Although we will
defer until Sec. IV a discussion of the various spin
and lattice dynamical effects that may contribute
to the variation of AH with T, it is worth noting
here that a variation of 15% in AH for RbMnF,
between 300 K and T, for example, is clearly a
non-negligible effect.

2. MnF,

Again, the EPR linewidth has been studied ex-
tensively,?! between 380 K and T =67.3 K, by a
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FIG. 4. Temperature dependence of the linewidth of
oriented single crystals of MnF,. The broken vertical
line indicates the melting point., The range 700-1000°C
was measured twice for both orientations. The scatter
of the data just above the melting point shows the prob-
lems that the poor thermal conductivity of the samples
creates in this region. It can be seen that one sample
with HyL € lost its orientation at the melting point and
that usually at least one point “above T, could be re-
corded where still part of the oriented crystal was left.
The linewidth of molten MnF, at 930 °C is about 205 G.
(See also Fig. 8.) For the true molten-state data of MnF,
given as solid circles too, the melting point was
approached from the high-temperature side.

variety of workers. Particular attention has been
given to both the critical divergence of AH as T
approaches Ty and the anisotropic behavior of AH
in this body-centered-tetragonal spin system.??: 23

Our high-temperature measurements, extending
from 300 K to the melting point T, =1200 K, are
shown in Fig. 4. In contrast to the increase of AH
with T that was found for all three of the XMnF,
compounds, an even stronger nonlinear decrease
of the EPR linewidth with increasing T is seen in
MnF,. Up to about 600°C the ratio AH(||c)/aH(Lc)
remains constant with a value 1.081 +0.008.

Perhaps the most striking feature of the MnF,-
linewidth temperature dependence is that, be-
ginning more than 200° below T,, AH decreases
even more rapidly and the anisotropy in the line-
width [1 = AH(|[c)/AH(Lc)| actually changes sign!
This effect, which appears to be a precursor to
melting, is accompanied by a marked increase in
the microwave conductivity (and losses). Both the
latter effect and the lack of an abrupt change in
AH at T, seem to be peculiar to MnF,.?*

B. Solid-state dilute systems

The impure paramagnet was also investigated as
a function both of impurity concentration and of
temperature. The results on substitutional mag-
netic impurities (Fe®' or Co?") for the Mn®" in
KMnF, will be reported elsewhere—these com-
plement and extend the work of Gulley and Jac-
carino®® at lower temperatures. Here we confine
our attention to the effects of dilution—specifically
the effects of substituting nonmagnetic Mg?* or
Zn®* for the Mn®* in KMnF,. The motivation was
primarily one of determining the temperature de-
pendence of the 3*Mn and '°F hyperfine parameters
in the magnetically dilute systems but we were
also interested in the concentration dependence of
the EPR line profile. Since the spectra of the mag-
netically dilute noncubic systems are considerably
more complex and anisotropic,?® we have deliber-
ately avoided studies of, say, Mn,Zn,_,F,.

1. Concentration dependence of the line profile and width

KMn, (Mg, Zn),_,F,: A series of measurements
of the line profile and width was carried out at
300 K for the systems KMn,Mg, _,F, and
KMn,Zn,_, F,, as functions of concentration x.
Most of the measurements were made on cubic
KMn,Mg,_, F,, although essentially identical re-
sults were obtained on the KMn,Zn,_,F, samples,
if the latter were stabilized in the cubic form
from the melt.?’

First, with regard to the actual line profile, we
show in Fig. 5 the derivative of the EPR line as a
function of field for various concentrations 1 - x
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FIG. 5. Derivative EPR line shapes that show the
appearance of *Mn hyperfine structure and '°F super-
hyperfine structure in KMn, (Mg, Zn),_,F3 at 300 °K.
Nominal concentrations: (a) and (c): KMn,Zn,_ F; with
x=0,10 and x=0.04; (b), (d), and (¢): KMn, Mg;_, F3
with x =0.10, 0.01, and 0.001.

of Mg or Zn (see Fig. 5 caption). Recalling the
fact that for the magnetically pure materials

(x =1) the line profile is Lorentzian and unstruc-
tured, we see the indications of structure in the
resonance appearing first at x=z0.1. For still
smaller concentrations of Mn (x= 0,001) the full,
superimposed, '°F and %*Mn hfs is resolved. Fur-

ther dilution results only in a diminished intensity.

Next, in Fig. 6 we show the concentration depen-
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FIG. 6. Concentration dependence of the linewidth for
KMn, Mg,_, F3 at 300 °K. The arrows at the points for
low manganese concentration x indicate that here the
wings of the recorded lines are broader than those
corresponding to a Lorentzian line with the given peak-
to-peak width, The solid line gives the x dependence
expected for the dipolar broadened exchange narrowed
linewidth at higher x; the broken line through the data is

a curve A H,,=59.7(x¥2+0.03x79)G.

dence of the linewidth AHj, in the system
KMn,Mg,_.F,. For large Mn concentration (x>0.4)
the line profiles are Lorentzian as far out into the
line as one may reasonably examine. Below x= 0.4
the “wings” of the recorded lines are broader than
what would be expected from a Lorentzian line pro-
file, with the given peak-to-peak width indicated
by the solid dot. The placement of the arrows is
designed to show the direction of the departure
from Lorentzian behavior. This is, in part, a
forerunner of the actual structure which is subse-
quently to appear at small x, as we have seen in
Fig. 5. The significance of the solid and dashed
lines will be discussed later in connection with the
interpretation of these experimental results.

2. Temperature dependence of the hyperfine structure
(dilute) and EPR widths (dense)

(@) ¥ Mn and P F hyperfine parameters in the very
dilute limit (x>~ 0.001). Inthe system KMn Mg, F,,
with nominal concentration x=0.001, the tem-
perature dependence of the **Mn and °F hyper-
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fine parameters (A®® and A'®) were determined
from a standard®® analysis of the spectra such as
wasdisplayed in Fig. 5(e). In Fig. 7 we plot the ratios
ASS(T)/A%(T,) and A(T)/AY(T,) as functions of
temperature up to the melting point (T, =1080°C),
with T,=300 K. Only the isotropic part of the '°F
superhyperfine coupling A!° is given because pow-
dered samples were used for making the relative
variation measurements. The normalizing room-
temperature values were obtained by averaging
over ten independent measurements. The tempera-
ture dependence of A®(T)/A*(T,) was independently
obtained from an analysis of the spectra shown in
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FIG. 7. Temperature dependence of the relative hfs
and super-hfs coupling constants A% (T)/A %(300 K) and
A(T)/A¥(300K), derived from measurements on poly-
crystalline samples of KMny, y;Mgg, 999F3 up to the melting
point. The room-temperature values were found as an
average over ten independent measurements. A%®(T) was
calculated from the separation of four peaks in the
powder derivative spectra at each T, and A!*(T) from
more than 20, Despite the relatively moderate scatter
of the data points, it should be noted that the biggest
standard deviations apparent at high-temperature result
in an uncertainty of 3.8 and 9.7% for the relative hfs and
super-hfs coupling constants. The dashed line is a ‘best
fit” to the data.

Fig. 5(d) where x=0.01. The results so obtained
were consistent with those shown in Fig. 7 al-
though the errors were necessarily larger be-
cause of the larger widths of the hfs components
at the higher concentrations of Mn ions.

(6) AH,, vs T in the concentrated limit (x >20.4).
The broad and complicated line profiles observed
at intermediate concentrations 0.4 > x >0.01 pre-
clude a detailed temperature-dependent study for
such systems. At x> 0.4, where again the line
profile assumes a Lorentzian shape one might
hope to study AH vs T as was done for the pure
systems. Even in this high-concentration limit we
experienced some difficulties in obtaining identical
results on two different melts with the same nomi-
nal concentrations. We presume this reflects a
concentration fluctuation that might be present in
any one melt. No detailed plots of the data are
given although, as in the dense KMnF,, AH was
observed to increase roughly linearly with 7. We
were able to estimate the following values for
SAH/8T: For x=0.9, 12.8+0.9 (Zn), 12.0+0.9
(Mg); for x=0.7, 11.2+1,0 (Mg), and for x=0.5,
10.1 +0.8 (Mg), all in units of mGs/K. Recall that
for the pure crystal, x=1, 6AH/6T =13.8+0.9.
See Table L

C. Molten state
1. Pure systems; XMnF,(X =Rb, K, Cs)

The EPR linewidth AH through the melting point
is shown on the right- hand side of Fig. 2 for the
XMnF,; compounds and in Fig. 4 for MnF,. On an
expanded scale the molten-state results for MnF,
(open circles) and KMnF, (solid dots) are shown in
Fig. 8.

Two regions are to be distinguished in each case:
the immediate vicinity of T, and the behavior well
away from the melting point. The XMnF, com-
pounds exhibit an abrupt increase in AH at T, in
going from solid to molten states. Not surpris-
ingly, perhaps, the magnitude of AH at T,, is quite
similar for the three compounds. Each exhibits
a pronounced decrease of AH with T above T,

TABLE I. Variation of the linewidth with temperature
in the magnetically diluted crystals KMn,Mg,_,F;. The
significance of the approximate constancy of (1/AH)(6AH/
6T) at large x is discussed in Sec. IV B1.

O0AH AH(G) 1 O0AH

—_— -3 —_— -3
x o7 WOTUG/K a0k AR er (107/K)
1.0 13.8+0.9 62 0.22
0.9 12.0% 0.9 58 0.21
0.7 11.2+1.0 55 0.20
0.5 10.1%0.8 58 0.17
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FIG. 8. Comparison of the temperature dependence
of the linewidth for molten MnF,, molten KMnF;, and a
mixture 1.56 MnF,:1 KMnF3. In all cases, the melting
point was approached from higher temperatures. For
the mixed system, molten, partly molten, and solid
regions can be distinguished.

with an initial slope roughly an order of magnitude
larger than—and of opposite sign to—the solid-
state value. The rate of decrease is noticeably
larger at 7,, thanat higher temperatures; from
Figs. 2 and 8 we may estimate 6AH /5T to change
from -180 to =50 for KMnF, and from -150 to
~70 for RbMnF, in going from T,, to approximately
1200°C, while 6AH/8T has an average value of
—-110 (CsMnF,) in that same range, all in units of
mGs/K.

The behavior of AH in the immediate vicinity of
T, is noticeably different for MnF,. First, it is
recalled that in the solid state, as a precursor to
melting, both AH(|c) and AH(ic) began to decrease

rapidly well below T,. (See Fig. 4.) The most
reliable data at, and above, T, were obtained by
cooling the melt and this is what is shown in Fig.
8. The value of AH(T,,)=205.5+"7.5 G is very close
to AH(Lc) at T,, obtained by melting of the solid.
Hence, a discontinuity exists primarily in the
change that occurs in going from AH(| ¢) just be-
low T,, to AH(T,,) in the molten state. Perhaps
what is most significant is that AH(T,,) for MnF,
is definitely larger than AH(T,) for the three
XMnF, compounds. Again well above T,, AH de-
creases rapidly with temperature with a slope
8AH/BT varying from —230 at T,, to —40 at tem-
peratures close to 1400°C, in units of mGs/K.

The fact that we were able to make measure-
ments at higher temperatures for MnF, than was
possible for the XMnF, systems was simply a
consequence of the rapid loss of alkali fluoride
material (decomposition) above 1200°C for the
latter.2®

2. Mixed, magnetically dense systems (KMnF;:MnF, )

The XMnF,; and MnF, systems are really ex-
ceptional melts in that they represent pure or
congruently melted compounds. Each system has
a well-defined 7,, and melting and recrystalliza-
tion is a completely reversible process with the
sole qualification that one may not necessarily ob-
tain a single crystal upon cooling from the melt,
except under very special conditions. However,
one of the most fascinating possibilities in the
study of the magnetic molten salts is that the liq-
uids can be mixed somewhat arbitrarily. To give.
some idea of the application of this to our line-
width studies we report on some arbitrary mix-
tures of KMnF, and MnF, in the molten state.
Now, in general, these do not exist as compounds
with a specific crystal structure in the solid state.
The phase diagram for the system KF:MnF, has
not been reported but it is common practice to ex-
trapolate information relative to it from the
known?® KF:MgF, diagram, with appropriate
changes made for the differences in melting tem-
peratures for the pure compounds. On the Mn-
rich side there apparently exists no other homo-
geneous compound in between MnF, (T,,=930°C)
and the congruently melting double fluorides
KF:MnF, (T, =1013°C). Of course, there may be
at least one eutectic in this region. Thus in gen-
eral we may expect an arbitrary mixture of KMnF,
and MnF, to be a “uniform” liquid at high tempera-
tures, but below T,,, (<1013°C) precipitation of
KMnF, would occur. Finally below some tempera-
ture 7, the mixture would condense into crystal-
line regions of KMnF, and MnF,, in proportion to
the original relative compositions.



2722 E. DORMANN, D. HONE, AND V. JACCARINO 14

A specific example of the molten-state linewidth
measurement for a mixed system is shown in Fig.
8 for the mixture 1.56MnF,:1KMnF,. All of the
data shown were taken in cooling from the highest
temperature (1200°C). In the completely molten
phase (T, ~970°C) the linewidth is seen to be in-
termediate in magnitude between that of MnF, and
KMnF, at all temperatures and, with regard to the
slope of AH with increasing T, also shows a mono-
tonic decrease as one moves upward in T away
from T,,.

As to the results obtained in the solid phase for
“flash-frozen” arbitrary mixtures, one could
discern at 300 K the superposition of MnF, and
KMnF, line profiles (because of their very differ-
ent width) in proportion to the relative concentra-
tions. The data shown in Fig. 8 (T < 970°C) for
the mixture 1.56MnF,:1KMnF, indicate a discon-
tinuity in AH at T,, and a further decrease as T
decreases, with the error bars showing the un-
certainties that arise because of the non-Lorent-
zian behavior in the mixed molten-solid phase,
particularly in the region T,,,< T < T,,.

3. Dependence of AH(T,, ) on concentration of magnetic ions

The similarities in the linewidths of all three
double fluorides (KMnF,, RoMnF,, CsMnF,) at
T,,,as contrasted with their differences in the solid
state, suggest that AH(T,,) might well be correlated
with the average magnetic ion density in the liquid.
We assume that at, or just slightly above, T, the
viscosity is quite similar for all of the molten
salts under consideration. Hence, it is reasonable
to compare AH at T, for different salts with various
concentration of magnetic ions.

With this in mind, we have examined the line-
width at T, AH(T,), for several magnetically diluted
salts to effect a comparison with the magnetically
dense ones. We show the results in Fig. 9, in a
log-log plot of AH(T,,) versus concentration of mag-
netic ions (i.e., Mn?®*). For these purposes the con-
centration ¢ is defined as the Mn®* ion fraction of
the total cation density (e.g., MnF,[100% and
KMn, o, Mg, ,,F,[0.5%]). One striking difference
between the concentration-dependent results in the
solid and molten states is immediately apparent
from a comparison of Figs. 6 and 9. In the solid,
magnetic dilution results in a slow initial de-
crease of AH with c. But at a relatively high value
of ¢ [(20-30Y%], the linewidth then begins to in-
crease rapidly as ¢ decreases until, finally, a
resolved hfs appears (see Fig. 5). In the molten
state the rapid decrease in AH with magnetic di-
lution is not arrested until a much smaller con-
centration [ (1-2)%], following which a rapid broad-
ening occurs with further decrease of c.
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FIG. 9. Dependence of the linewidth on the Mn per-
centage per all cations for several fluoride melts near
the melting point. The most dilute sample (0.5 cation %,
represented by the hatched symbol) approaches the sen-
sitivity limit for the measuring procedure generally
used in the present investigation.

Concerning the dilute extreme of the concentra-
tion-dependent studies, a number of attempts were
made to observe hfs (**Mn and/or °F) on the EPR
signal in the molten state—but all without success.
The sample shown as 0.5% on the extreme right of
Fig. 9, KMn, ,,Mg, ,,F;, showed none. No signal
whatsoever could be observed in our apparatus for
a sample of nominal concentration ¢ =0.05%
(KMn,_50,M8g,.40sF3), €ven with the use of long-time
signal-averaging techniques. However, one could
reversibly reproduce the spectrum of Fig. 5(e) in
this sample when T'< T,,. Using an improved
microwave spectrometer®® and slightly different
experimental techniques®® we were able to observe
EPR in the molten state of a sample of KMn, 40,
Mg, g90;F5. However, in the temperature region
T, <sT<T,+150°C only a weak, structureless, non-
Lorentzian-shaped line could be discerned with a
peak-to-peak derivative width of AH,~ 460+ 30G.
The absence of hfs in a sample with Mn?* concen-
tration as small as ¢ =0.015% in the molten fluor-
ides appears to be irrefutable.

IV. THEORY AND INTERPRETATION

In the following discussion of the interpretation
of the observed EPR linewidths we are led to quite
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different considerations for (i) the dense para-

magnets in the solid state, (ii) the magnetically
diluted systems in the solid state, and (iii) the

molten materials.

A. Linewidths of the dense paramagnets: T <T,,

In the dense solid paramagnet at or below the
Debye temperature ©, it is ordinarily sufficient to
treat the EPR linewidth as arising from dipolar
and exchange interactions between spins rigidly
localized at their lattice positions. However, be-
cause these interactions are sensitively dependent
on ionic separations it may be necessary, at least
well above ©,, to include the effects of ionic mo-
tion—-in the form of phonons and thermal expan-
sion. In addition, there is the possibility that ion
diffusion, ion interchange, or even the “melting”
of one ionic sublattice (as occurs in superionic
conductors) might lead to changes in the linewidth
that are not expected within the framework of
rigid-lattice spin-dynamical theories.

In certain cases (e.g., MnO and MnS) the ob-
served high-temperature behavior of the EPR line-
width does find ready explanation®' in terms of a
rigid-lattice theory. These face-centered-cubic
paramagnets have strongly competing exchange
interactions producing unusually large short-
range-order effects that cause the linewidths to be
very temperature dependent even well above the
ordering temperature. In the paramagnets we
have studied (e.g., KMnF, and MnF,), only one ex-
change interaction predominates. Nevertheless
the large spin-dynamical effects on the temperature
dependence of linewidths in MnO and MnS suggest
that we first examine the rigid-lattice predictions
in our systems, as well. Hence, in the Appendix
we explore two such theories, involving quite
different approximations in treating the spin dy-
namics: (i) a perturbative approach of the sort in-
troduced by Mori and Kawasaki® and by Mori®; here
we treat the static spin correlations in a mean-
field approximation modified to include the effects
of short-range order in self-consistent fashion
using the Onsager “reaction-field” concept, and
(ii) the dynamical Green’s-function theory of
Tomita and Tanaka.® ° Explicit calculations are
made there for the simple cubic magnetic lattice
(appropriate to KMnF, or RbMnF;). We find that
only a very small part of the observed high-tem-
perature variation of AH can be explained in this
way (see Fig. 10). Moreover, any rigid-lattice
theory must have a regular high-temperature ex-
pansion, with a leading term proportional to J/7,
which will be overwhelmingly dominant at tempera-
tures well above 2JS/kg. Thus for a linewidth
which grows with increasing temperature this pre-
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FIG. 10. Comparison of the spin-dynamical predictions
of two rigid-lattice theories for the temperature de-
pendence of the EPR linewidth (normalized to its infinite-
temperature value) for a simple cubic paramagnet with
only nearest-neighbor antiferromagnetic exchange inter-
actions. Curve A represents the self-consistent effec-
tive-field-theory results [Eq. (A17) divided by Eq. (A18)]
and B is the leading term in the high-temperature ex-
pansion of the same theory [see Eq. (A19)]. Curve C is
the dynamical Green’s-function theory [Eq. (A22)] and D
the corresponding leading term in the high-temperature
expansion [see Eq. (A23)].

dicts a negative curvature for the AH-vs-T curve,
in qualitative disagreement with the observed
(see Fig. 3) positive or zero curvature at higher
temperatures. The abrupt decrease of AH in
MnF, several hundred degrees below T,, (see Fig.
4) is even more clearly outside the range of be-
havior possible in a rigid-lattice theory. There-
fore we must relax the constraint of lattice rigidity
if we are to understand the high-temperature be-
havior of EPR linewidths in the materials studied
here.

1. Effects of lattice vibrations

Independent of the particular approximations of a
given theory of the rigid-lattice spin-dynamical ef-
fects on the EPR linewidth of an exchange-coupled
paramagnet, very general perturbation arguments
suggest that AH«D?/w,, where D and w, are mea-
sures of the dipole and exchange interaction
strengths, respectively. Different approximate
theories lead to specific weightings of the spatial
Fourier components of these interactions (see
Appendix). The lattice vibrational modulation of
these components is conveniently separated into
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the static thermal-expansion effect (anharmonicity)
and the dynamic harmonic effects.

The harmonic motion about the thermal equili-
brium positions effectively introduces time de-
pendence into the Hamiltonian. Because the
characteristic lattice vibration time set by the
Debye energy (7 =//k6,~107!* sec) is very short
compared to the EPR relaxation time T,, we can
average over the ionic motion. Furthermore, we
claim that in these strongly exchange-narrowed
materials we can separately average the dipolar
and exchange factors in AH«< D?/w,: Consider a
spin S, at a particular lattice site 0. Its contri-
bution to 1/T, is governed by the power spectrum
of its dipolar interactions with other spins S,—i.e.,
of D(t) D(0), where the temporal fluctuations of
D(t) arise from phonon modulation of the vector
_ﬁ,,,, connecting sites o and n. This power is re-
duced by the fluctuation of the spin S,, which
primarily results from the exchange interactions
J,; it has with its z nearest neighbors, at sites L.
The phonon modulation of J,; at T is largely inde-
pendent of the modulation of the geometrical fac-
tors in the dipole interaction between S, and S,,
since the site o is, af most, only one of the z
nearest neighbors exchange coupled to S,. Thus
the phonon-induced dipolar fluctuations are to a
very good approximation uncorrelated with the
corresponding harmonic variations of the ex-
change interactions.

Since the characteristic vibrational frequencies
of the lattice, particularly at high temperatures,
are of order w,=kOp//i and w, is larger than
either w, or D, it is proper to time average the
latter two quantities over the lattice vibrations.
Because of the arguments given above concerning
the lack of correlation we separately average D?
and w,; hence, 1/T,x(D? /w,. These rough
arguments find more precise justification in a
moment analysis of AH which explicitly includes
the lattice vibrational time dependence of the ex-
change and dipolar contributions to the Hamil-
tonian. Likewise, an examination of the self-
consistent effective-field theory (see Appendix) in
which the sources of the time dependence can be
followed at each stage, leads to the same con-
clusion.

A rigorous treatment of the problem would re-
quire, first, having detailed information on the
phonon modes for these rather complex lattices
and, second, knowledge of the angular and dis-
tance dependence of the superexchange inter-
action. (The dependence of the classical dipole-
dipole interaction, of course, is known.) For
purposes of estimating the magnitudes of the cor-
rections that need be applied over the temperature
region of interest we content ourselves with a

relatively simple model instead. We follow the
general approach used by Bloch and Georges®?

in studying the temperature dependence of the
superexchange interaction. We treat the tem-
perature dependence of both the dipolar and ex-
change interactions as due only to changes in the
magnitude of the relative separations of the mag-
netic ions and not to the angular displacements nor
to the relative positions of magnetic and ligand
ions. We then Taylor-series expand

<f(R)>"!f(Ro) +f'(Ro)<z - R0>
+["(Ro) /2R ) ((x®) +(¥?)
+2f"(Ro) (2 =R o)), (4.1)

where ﬁo is the zero-temperature equilibrium
vector connecting a pair of magnetic ions, 2 is
parallel to ﬁo, and (x2) +(1?) is the mean-square
deviation perpendicular to ﬁo. In the harmonic
approximation (z—R,) =0 at all temperatures, and

(9 = T Faa P2 +1)

x (1-e'F Royw3t | (4.2)

where the sum is over wave vectors Kk in the first
Brillouin zone and over all phonon branches «.
Here m is the mass of a magnetic ion, w,, is the
frequency of the phonon with wave vector k and
polarization a, and n,, = (e®"“*@ = 1)1 is the equi-
librium occupation number of that mode. &,, is
the polarization vector appropriate to the motion
of the magnetic ion; it is normalized by

2o 1%.a(s)|2=1, where s labels the atoms in a unit
cell.

Lacking detailed knowledge of €,, as well of w,,,
we turn to a simple model. The factor (2n,, +1)/w,,
favors low-energy acoustic modes over higher-
energy optical modes for the same value of k. We
then consider only acoustic branches and take
|€.o|2=m/M, where M is the mass of the unit cell,
as is the case for small-k acoustic phonons, where
atoms within a unit cell move in phase with equal
amplitudes. We further take a Debye spectrum
w, =vg R, with v; independent of both propagation
direction and polarization of the phonon. Within
this approximation

(23 =(y?3 =((z=R,»

K f”D < sinkR >
___2712[)1)3 A (27, +1) 1————4LkR0 kdk,
(4.3)
where p is the mass density. At high temperatures
(T>>0©,) we have Bliw,<<1 and n,~(Bliw,)”", so

w k k
(x )==sz%0§ <1—s;£°) ): (4.4)
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where s(x) is the sine integral:

s(x)=fxdy siny
0 v

If we allow for anharmonic forces we have, by
definition

(2=Ryp =R, (expf’aL(T)dT-1>
zROfTaL(T)dT, (4.5)

where o, (T)=(1/L)(8L/8T) is the (temperature-
dependent) coefficient of linear expansion; we
assume its value is obtainable directly from other
measurements. The anharmonic corrections to
the mean-square deviation, both from thermal ex-
pansion and from an effective softening of the
force constants, are collectively small higher-
order effects, which we shall neglect.

There now exists strong empirical evidence
that in many of the transition-metal fluorides and
oxides the distance dependence of the superex-
change interaction follows an approximate relation

33, 34

aan)
g ~-10 4.6
(alnR Ro (4.6)

for small changes in R about R,. Furthermore,
D(q) the geometric dipolar factor [see, e.g., Eq.
(A9)] is the Fourier transform of terms which
fall off with distance as R™®, Then from the ex-
pansions discussed above we have

D@ (T
D@y 1 6fma(T )dT’ +15C (T - 300)
(T>>8), (4.7a)
where

kpkg (1 _ s(kpag) >

=2, ,,2,2
m*puiag R patg

and a, is the near-neighbor separation. Similarly,

(w )T 7
~—e’/T ~1-10 ’ - .
@ fm a(T")dT +45C(T 300)(4 .

For RbMnF, we may use the known elastic con-
stants® to estimate the relevant parameters in the
harmonic contributions in Eqs. (4.3) and (4.4):
vs=5x10° cm/sec. [direct measured values are
R and a dependent; this value is based on 6,
(elastic)]: @, =4.2x10"%cm; kpa,=3.9; p=4.4
g/cm?®; 1-s(kpa,)/kpa, =0.54; which gives
C =3.6x107", The variation of the lattice param-
eter in KMnF, between room temperature and the
melting point has recently been measured directly
by neutron elastic scattering.’® The results are
well fit over the whole of the measured tempera-

ture range by choosing
a (T)=14.3x107+7.4x107°T (KMnF,, T 2300 K).
(4.8)

We assume this to be a reasonably accurate re-
presentation for RoMnF; in this same temperature
region, as well. Then using Eqgs. (4.7) we find

(<D(q)>T - <D (q)>3oo)/<D(q)>300
~-[9.9%x1075(T = 300) +2.2 x108(T - 300)?]
+5.4x107%(T- 300) , (4.92)

(we)r = (w, >3oo)/<""e>3oo

=~ ~[16.5x1075(T = 300) +3.7 x10™#T - 300)?]
+1.6 x1075(T= 300), (4.9b)

where, in each case, the first (negative) term is
the contribution from thermal expansion and the
second (positive) term arises from harmonic vi-
brations. The latter contributions, whose values
are relatively more uncertain because of the
several approximations required, are substantially
smaller than the anharmonic terms. This is in
contrast to the near cancellation of the two effects
obtained by Bloch and Georges in the superexchange
calculation in the transition-metal oxides.** Over
the temperature range from 300 K to the melting
point in RoMnF, we find for the lattice-vibration-
induced changes

5(D(q» /(D(q)) = -11.6%,
5(we) /(W) =0J/dJ =~ —18.6%,
O(AH)/AH=T% .

The major uncertainty in these estimates is in the
approximate relation (4.6) expressing the distance
dependence of J. A recent calculation® of the de-
pendence of J on interion separation for the linear
configuration V** —=F~ —V?*, using the methods de-
veloped by Huang and Orbach,*® show (3 InJ)/81nR )
~ -12. It is important to realize that 8lnJ/31nR
may vary appreciably as the lattice expands and
that ultimately a more direct measurement of J

as a function of T will be required for the complete
interpretation of the linewidth experiments. Not-
withstanding all of the above we feel it worthwhile
to qualitatively estimate the anharmonic and har-
monic vibrational corrections so as to ascertain
whether the effects they produce are indicative of
the major discrepancies between theory and ex-
periment. In anticipation of doing that, it might be
remarked that in the RbMnF,;, KMnF,, and CsMnF,
lattice vibrational effects alone are probably re-
sponsible for the difference between theory and ex-
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periment in the high-temperature regime but in
MnF, they clearly are not.

2. Ion diffusion effects

The thermally activated diffusive motion of
atoms may result in nuclear spin-lattice relaxa-
tion and the narrowing of dipolar-broadened reson-
ances, both in the solid and liquid states. Begin-
ning with the pioneering work of Bloembergen,
Purcell, and Pound® on liquids, until the NMR
studies of Eisenstadt and Redfield*® on vacancy
diffusion of Li and F in solid LiF, an extensive
literature has developed*' on motion-related reson-
ance phenomena. To our knowledge no detailed
theoretical or experimental study of the combined
effects of exchange and motional narrowing has
been made, although some fundamental differences
in the two phenomena have been recognized.? We
believe the narrowing of the EPR in MnF, well
below the melting point and, in particular, the
fact that the anisotropy in the linewidth
(1 - AH"/AHY changes sign in this temperature
region, is indicative of a one-dimensional inter-
change motion of the Mn®* ions along the ¢ axis.
We turn now to a qualitative discussion of simul-
taneous motional and exchange narrowing effects.

In the absence of exchange forces, the random
walk of an atom will cause a narrowing of the
dipole broadening of the resonance to occur when
the correlation time 7, of the relative motion be-
comes appreciably less than ((w - w0)2>“/2, where
((w = w,y)? is the second moment of the rigid-lat-
tice line profile I(w —w,). The behavior of the
linewidth 1/7T, in the extreme narrowing limit can
be deduced from the approximate expression

1/Ty= (W =wo ) 7. /(1 +w272).

When 7, <<w;!, as well as satisfying the inequality
mentioned above, then the linewidth depends only
on the thermodynamic properties of the system
that cause the correlation time of the motion to
vary and no!/ on the frequency for resonance:

1/T,=((w - w,»7,. (4.10a)

Now in the presence of strong exchange forces
and no motion we have seen that 1/7T,
~((w - wy)?)Tex- I we initially postulate that the
diffusive motion of the ions is not correlated with
the exchange forces then we can immediately see
there are two extreme regions in which the nar-
rowing processes would be well delineated (we in-
troduce the symbol 7, for the correlation time for
motion):

(i) 7,,>>Tx: The spin-correlation functions would
decay via the exchange interactions before ap-
preciable diffusive motion would take place; then

1/T,~ (W = wy)?) Ty -

(ii) 7,<<7,: Before exchange forces could be-
come operative the motion would cause a given
spin to become uncorrelated with another in a
time=r7,; then

(4.10b)

1/Ty= (0 —w )Ty, . (4.10c¢)

In the simplicity of these two extreme statements
there is contained an important fact, namely, that
motion will have no significant effect on the nar-
rowing process until 7, <7,. But 7x=0.6x10"1?
sec for MnF,. One can show, from simple order-
of-magnitude estimates and the experimental re-
sults on the NMR in LiF, that the characteristic
jump frequencies w; associated with the diffusive
motion of vacancies will be at least 10* times too
slow to allow for 7,'>7&!. For example, thermally
activated vacancy diffusion, in the intrinsic region,
may be characterized by the relation

-A/RT
’

w;=w,e (4.11)

where w,, the attempt frequency, will not exceed
10 sec™! and A is a quantity which includes the
energy necessary to create a vacancy and the
barrier for the hopping of an ion into a vacant
site minus 7T times the entropy of disorder as-
sociated with vacancies being present.** For diva-
lent cation vacancy diffusion it would be generous
to take A to be as small as 1 eV, from which one
immediately deduces w;~1/7, $3x10°% for
T=1100 K. In LiF both w" and w) are much less
than 108 sec™! at T'=1100 K.

Moreover, recent measurements® of the electri-
cal conductivity of MnF, up to the melting point T,
show that whatever the mechanism is for ionic con-
ductivity (vacancy or interstitially hopping) no
characteristic jump frequency above 10® Hz is
present below T,. Thus no mechanism which in-
volves charge transport and therefore contributes
to the electrical conductivity can be involved in
the motional narrowing of the MnF, EPR below T,,.

That the energy to create a vacancy is large is
seen to be the main impediment to diffusive mo-
tional narrowing. On the other hand, one mechan-
ism for motion does exist which might have a
lower effective barrier and at the same time not
contribute to the electrical conductivity—direct
intevchange*® of two cations. The open structure
of the rutile lattice and the close proximity of
nearest-neighbor Mn ions suggest that this could
well be a mechanism for motional narrowing of the
EPR as T-T,,.

One can quantify these remarks with regard to
MnF, as follows: Suppose we consider a lattice of
magnetic dipoles all with spin S=%. Then the
physical interchange of any two spins is indis-
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tinguishable from a bilinear scalar exchange in-
teraction JS;*S; between the same pair, assuming

the corresponding correlation times to be-*dentical.

[In general, the spin operator equivalent for the
interchange of two spins with S>3 will require the
inclusion of terms up to and including (S;-S,)*.]
Hence one might expect that an understanding of
the narrowing and the reversal in sign of the ani-
sotropy in the linewidth as T -T,, could be modeled
in terms of an increase in the “effective” exchange
interaction but resulting, in fact, from the physi-
cal interchange of near-neighbor (nn) Mn?* ions
in a thermally activated process.

The magnitude and particularly the anisotropy of
the EPR linewidth in MnF,, well below T,,,
may be deduced from the calculations of
the second (M,) and fourth (M,) moments of the
line profile. Using the values for M, and M,*® with
H, (€ and H,L ¢ and the fact that, in the extreme
narrowing limit, AHOCMz(MZ/M‘,)‘/z, one finds
AH"=1.1AH". Because the rigid-lattice width
AHoM}'? in the absence of exchange would also
have the same sense to the anisotropy this might
not seem surprising at first. However, a detailed
analysis®® shows that the anisotropy in M, results
from the fact that z,, J, . >>2,,J,.*° If the effec-
tive near-neighbor exchange J,, is increased so
that the above inequality is reversed, the sense
of the anisotropy in M, and in the linewidth is also
reversed; i.e., AH"<AH*! We have considered
the possibility that the true J,, could increase with
temperature and produce the observed effects on
AH and obviate the need for the interchange mech-
anism. But the magnitude of the required change
and the rapidity with which it would have to take
place as a function of temperature are both so
large that we are led to believe this to be a highly
unlikely explanation of the experimental observa-
tions. Furthermore, neutron-diffraction mea-
surements show no anomalies in the lattice con-
stants in this temperature region.3®

A crude estimate of the interchange activation
energy required to affect this may be deduced as
follows: At the temperature where the anistropy
in the linewidth disappears (T,~1100°K) one might
expect that 7, =7,,. Hence v; = (7)™ "= v, e~2/*70 and
taking v,~4.8x10" Hz, (7,)~' =1.6 X102 Hz, we
find a value of A =0.32 eV. We believe this to be
a not unreasonable value for the near-neighbor
Mn®" interchange activation energy in the vicinity
of the melting point. Since one does not first have
to create a vacant site into which the diffusing ion
can jump in an activated manner, one might ex-
pect that A, hange < Avacancy. A Somewhat more
quantitative analysis is given in the following sec-
tion.

One further point can be inferred from the de-

tailed theory given by Eisenstadt and Redfield*
for the anisotropy in the linewidth of a random-
walk diffusion on a cubic lattice. If the motion is
random in three dimensions then the anisotropy
in the rigid-lattice linewidth is preserved both in
sign and, qualitatively, in magnitude. Thus apart
from the formal identification of the specific
motion along the ¢ axis with an effective near-
neighbor exchange in MnF, we believe that a ran-
dom walk on the three-dimensional body-centered-
tetragonal cation lattice would produce further
narrowing but not reverse the sign of the aniso-~
tropy of the linewidth.

The absence of similar motional narrowing in the
XMnF, compounds is presumably associated with
a higher activation energy for the interchange of
cations. From a topological point of view this is
not surprising since nn Mn®* ions have a large F-
ion midway on the line joining them and nnn Mn?*
ions are much too far apart.

3. Interpretation of the experimental results
on the dense paramagnets

The conclusions to be drawn from the previous
sections are that, in KMnF, and RbMnF, (and
probably in CsMnF,), lattice vibrations and ex-
pansion dominate the temperature dependence of
the linewidth, and in MnF, a thermally activated
ion diffusion causes the linewidth behavior at high
temperatures. We now give some quantitative
implications of the above.

(a) Temperature dependence of the exchange in-
teraction in KMnF; and RbMnFy: Having con-
cluded (see Appendix) that the Tomita-Tanaka
theory®~'° is preferable for quantitative compari-
sons with the experiment we now proceed as fol-
lows: Rather than make anharmonic and har-
monic lattice corrections to both the dipolar and
exchange interactions to normalize the experi-
mental results to this “rigid-lattice” theory, we
choose to apply only the dipolar corrections and
then deduce the variation of the exchange inter-
action with temperature from the comparison of
experiment with theory. The motivations for this
are obvious. The spin dynamical effects in the
theory could lead to changes in AH of no more
than 3% between T =57, and the melting point,
whereas the experimentally observed changes
(~15%) in this region are much larger. Clearly,
the experiments can nof be used as a test of the
spin dynamics.

In addition, within the framework of the model
discussed in Sec. IVA1, there is less uncertainty
in applying the dipolar corrections resulting from
lattice dynamical effects as compared with the
corresponding exchange ones. Hence we elect to
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TABLE II. Linewidth data versus temperature for KMnF3; and RbMnF; for approximately
5=T/T,=15. We give in columns 2, the smoothed raw data; 3, the data corrected for the
variation of the dipolar interactions as a result of lattice expansion and vibrations; 4, the
“rigid-lattice” spin-dynamical theory of Refs. 8 and 9 normalized to the 400-K value of column
3; and 5, the change in the exchange interaction with temperature deduced from dividing en-
tries under 4 by the corresponding ones under 3.

5
2 3 4 J(T)
1 AH(G)exp AH(G)4 TT theory J (400 K)

T (°K) K Rb K Rb K Rb K Rb
400 63.1 62.8 65.3 65.0 65.3 65.0 1.000 1.000
500 64.3 63.6 67.2 66.5 66.2 65.6 0.984 0.987
600 65.4 65.1 69.0 68.7 66.6 66.0 0.965 0.960
700 66.8 66.8 71.2 71.2 67.0 66.5 0.940 0.933
800 68.2 68.4 73.5 73.7 67.2 66.5+ 0.922 0.903
900 69.9 69.0 76.1 75.2 67.4~ 66.7 0.885 0.887

1000 71.8 71.5 79.1 78.7 67.4+ 66.8 0.853 0.849

1100 73.8 73.0 82.2 81.3 67.5 66.9 0.822 0.823

1200 76.1 75.8 85.7 85.4 67.6 67.0 0.789 0.785

use theory and experiment to deduce the tempera-
ture dependence of J with the hope that it will eluci-
date further the dependence of J on interion sep-
aration and angle.

For the above purpose we have smoothed the
experimental data for KMnF, and RbMnF, to give
a best fit. The refined data so obtained, at 100°
intervals beginning at 400 K are shown in Table II.
These are subsequently corrected for changes in
the dipolar interaction. A comparison between the
Tomita-Tanaka (TT) rigid-lattice theory [Eq.
(A22)], normalized to the 400 K dipolar-corrected
value, may be had from an examination of columns
3 and 4 in Table II. Dividing corresponding entries
in those two columns we obtain J(7T)/J(400 K) vs
T which is given in column 5 and plotted for both
compounds in Fig. 11. For purposes of illustration
the “expected” variation in J(T)/J(400 K), assum-
ing a J = (R - R,)™" dependence, with =12, is shown
in the same figure as a small dashed line.

We also display in Fig. 11 by the dashed line what
the variation in J(7)/J(400 K) would be if we as-
sumed there were no temperature-dependent spin
dynamical contributions to AH above 400 K. The
reason for doing this is that both of the spin dynam-
ical theories considered clearly overestimate the
dependence of AH in the lower-temperature region.
In fact, between 2=<T/T, <5 both KMnF, and
RbMnF,; have almost no temperature dependence to
AH! One might argue that in this latter region,
where lattice vibrational contributions are very
small (T <0©,), if AH does not vary appreciably
with T it will vary even less at higher T from
purely spin dynamical effects! Nevertheless, it
is clear from the curves of Fig. 11 that the quali-
tative variation in J(7T')/J(400°K) is not changed

significantly by these considerations.

(b) Analysis of the high-temperature behavior of
the MnF, linewidth. Having reasoned before that
the rapid decrease in AH with increasing T above
600 °C—as well as the reversal of its aniso-
tropy—probably has its origin in a thermally ac-
tivated Mn ion interchange, we proceed to extract

092+

088

J(T)7J(400 °K)

084

O KMnF;
2 RbMnFy

080+

O76 \ A
1 1 1 1 1 N
400 600

1 L 1
800 1000 1200

T(°K)

FIG. 11. Temperature dependence of the exchange
interaction (normalized to its 400-K value) for KMnF;
and RbMnF;. The values shown are deduced from the
EPR linewidth measurements after first correcting only
the dipolar interaction for phonon-induced effects (both
harmonic and anharmonic) and then comparing the pre-
dictions of the dynamical Green’s function with the
“corrected’” experimental observations., (See Table I
and Secs. IV A and IV B,) The large dashed curve
represents the same calculation but with no temperature
dependence assumed to the rigid lattice linewidth., The
solid curve is a best fit to the combined KMnF3;-RbMnF;
data. The small dashed curve is a plot of J(T)/J (400 K)
assuming J varied as (R —Ry) ™ with n =12,
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the barrier energy from a simple model.

In the absence of a detailed theory for the com-
bined effects of exchange and ion interchange on the
EPR linewidth, we model the spin dynamical be-
havior by analogy with what happens when there
are two exchange interactions, say J, and J,. It
isknownin the latter instance the decay of (Si(t)Sj(O)>
is governed by an effective exchange frequency*®

W ESHTSS )@, Iz )=, up, . (4.12)

Since AH «<D?w;', we would expect that if one ex-
change interaction (say, J,) were replaced by an
ion interchange process characterized by a hopping
frequency w,, the new effective frequency would be
given by

2
we

(4.13)
It follows that the linewidth may

o= 2
17 w§1+wh

and AHxD?uw} .

be expressed as

(ar)/aHf-1=(w/w, ), (4.14)

with (AH), being the linewidth in the absence of
hopping. Assuming the hopping to be described by
an Arrhenius relation [as in Eq. (4.11)]

wy=w, e Fo/ kT (4.15)

where w, is the attempt frequency and E is the in-
terchange barrier energy we find

[(aH),/aHJ - 1=(wa/wel)ze'”0’”. (4.16)

In this form the prefactors to the exponential and
E, are usually assumed to have negligible tempera-
ture dependence.

Figure 12 shows a semilog plot of [(AH),/

AHJP~ 1 vs 1/T for the case of H,||&. To obtain
the plot we first extrapolated the linewidth below
400 °C to higher temperatures using the Tomita-
Tanaka approach for the body-centered-tetragonal
spin lattice, retaining only the leading J/kT term
((1/T,);/(1/T,).=1+0.17T%/T; compare this with
Eq. (A23) for the sc lattice]. This we label as
(AaH), in the inset to the main figure. (We assume
lattice expansion effects on A H for MnF, to be
much smaller than in KMnF, and RoMnF,.*") Next,
we smooth the data by drawing a “best fit” curve
through the experimental points. Then for the
semilog plot “data” were selected from the
smoothed curve at 25° intervals beginning at T
=600 ° C(873K).

From the initial (lower temperature) behavior an
activation energy E,=0.34 eV is obtained and, as-
suming w, ~10'?/sec, we derive a value of w,
=1.3x10'%/sec. The latter is not unreasonable.
As T approaches the melting point, the more rapid
decrease in AH than is predicted by Eq. (4.14)
probably is indicative of several not unrelated
effects: (i) when w, becomes comparable with w,
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FIG. 12, Analysis of the high~temperature EPR line~
width in MnF, below the melting point. The inset shows
AH"(Hy||?) as taken from Fig. 4, with (AH){ being the
extrapolated linewidth behavior, if only spin dynamical
effects were present. The semilog plot of [(AH)}/(AH)")?
—1vs 1/T reveals thermally activated interchange of
nearest-neighbor Mn ions [see Eq. (4.16)] with an initial
slope corresponding to an activation energy of E,
=~ 4000 K.

correlations between the interchange and exchange
processes for neighboring pairs of spins must be-
come important, (ii) at the temperature where
there is noticeable deviation of the data from the
predictions of Eq. (4.14) w, has reached a value
only some 30 times smaller than w,, and (iii) the
large anharmonic content to the lattice vibrations
as T—T, would certainly contribute to a lowering
of the barrier for the interchange and a tempera-
ture dependence to the attempt frequency.

Finally, the very fact that no sizable change, if
any, occurs in AH in passing through the melting
point suggests that the character of the spin dy-
namical motion immediately below T, cannot differ
appreciably, on a local scale, from that just above
T,.
B. Discussion of the magnetically diluted systems—solid state
1. Concentration dependence of the width and profile of the EPR

Figure 6 shows the variation of the peak-to-peak
derivative width AHpp as a function of the Mn con-
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centration x in the system KMn,Mg,_,F, at 300 °K.
Within the region of experimental observation (+ 3
linewidths), the line profiles appear to be Lorentz-
ian in shape for 1.0=> x >0.4. For this concentra-
tion range one might hope to extract the qualitative
dependence of AH on x from an analysis of the sec-
ond and fourth moments, M, and M ,, of the line
profile. An analysis of the dilution problem, in the
absence of exchange narrowing, as it affects M,
and M ,, has been previously given.*® Its extension
to include exchange effects is straightforward.?®
One finds M,(x) = xM ,(1). However, M, has terms
both linear and quadratic in x, as in the purely
dipolar case.” We find that the terms linear in x
are almost an order of magnitude smaller than
those proportional to x* for x=1. Thus it is a good
approximation to take M ,(x)~ x*M (1), at least in
the large-x region.

If one then approximates®*“ the line profile by a
truncated Lorentzian or Gaussian Lorentzian shape,
either of which is a two parameter function, then
it immediately follows that

oMy e M ()]
AH(x)—cW =cx W (4.17a)
or
AH(x) =x*2Ad(1), (4.17b)

where ¢ is a constant of order unity and differs
slightly for the two profiles. The solid line in Fig.
6 is a plot of Eq. (4.17b) and the experimental data
measureably deviate from the predicted behavior
at x<0.8.

That the approximation of taking M ,(x) =~ x*M ,(1)
is reasonable may be seen somewhat more directly
from the alternate description of the linewidth as

Ad e M,w]t, (4.17c)

where w?=27"%2J°S(S +1). Since w,x2'/? and z(x)
=xz(1), it follows that AH(x)=x'/2AH(1), as before.
Now w, appears as the quantity which characterizes
the initial Gaussian decay of the two-spin correla-
tion function. Hence the fact that w,(x)=x"/w (1)
implies that the decay of (S;(#)S;(0)) remains Gaus-
sian, at least for small £. To the extent that a de-
parture from purely Gaussian behavior will occur
in a disordered paramagnet with increasing dilu-
tion, one may expect the linewidth to differ from
the simple x'/2 prediction. Calculations have been
made®® of the frequency moments of the two-spin
correlation functions for a disordered paramagnet
but no results have been obtained, as yet, for the
four-spin correlation functions which would be
needed to interpret the EPR.

Let us first point out that hyperfine interactions
(Mn®® and/or F'°) are not the source of this dis-
crepancy. While it is apparent that resolved hfs

is present at the lowest concentrations studied (see
Fig. 5) this structure disappears above x~0.1. The
mechanism which broadens the line so as to make
the structure unresolved is not the dynamic hyper-
fine interaction itself, but is rather the electronic
dipolar interaction. This follows from a compari-
son of the second moment contributions of the two:
M3P(x) = xM$1*(1), whereas M} =3A%/(I+1) and suf-
fers no dilution effects. From Ref. 49 Mdi*(1)~ 3
x10?! sec™? and M ~ 3x10'® sec™2. Therefore in
the whole of the concentration range of Fig. 6 (1= x
= 0.2) dipolar interactions are overwhelmingly dom-
inant.

How then can we explain the observed behavior?
One possibility is suggested by the detailed
study®* * of the line profiles of the EPR and NMR
in the case of the pure crystals. In the perfect
crystal (e.g., KMnF,), using only M, and M, and
either of the aforementioned two-parameter line
profiles results in an error of at least a factor of
2 for the infinite temperature linewidth (see Table
III), despite the precise knowledge of all the inter-
action and lattice parameters. Only by inclusion of
the sixth moment M4 and use of three-parameter
line profiles that were more elaborate (truncated
double Lorentzian or Gaussian double Lorentzian)
could approximate agreement between the moment
method analysis and experiment be achieved (see
Table III). The reasons are clear; the lower-or-

TABLE III. Linewidths, predicted and observed, for
the EPR of KMnF; extrapolated to the infinite-tempera-
ture limit. Those obtained from moment calculations as-
sume the line profiles as indicated. The self-consistent
effective-field theory result is obtained from Eq. (A18).
The value computed for the Green’s-function theory is
obtained from our Eq. (A21). Both experimental values
were obtained by taking the 400 °K values and extrapo-
lating them to T =« using the Green’s-function theory.
By so doing we utilize the low-temperature values of the
dipolar and exchange constants in all calculations.

Theoretical line Linewidth (G)

Truncated Lorentzian ? 22
Gaussian Lorentzian ® 30
Truncated double Lorentzian? 69
Gaussian double Lorentzian? 52
Self-consistent-effect field” 39
Green's function © 48
Sum-rule moment expansiond 70

Experimental results

Gulley et al.? 64
This work 59

* Reference 49.

b This work.

¢ Reference 9.

4 P. A. Fedders, Phys. Rev. B 3, 2352 (1971).
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der moments give information about the short-time
behavior of the correlation functions. One has to

go to higher and higher moments to find the long-
time behavior. Thus the lower-order moments give
an accurate description of the line far out in the
wings, which is of minimal interest if one is trying
to characterize the profile in terms of its width.

One can then recognize the limitation of the mo-
ment analysis for the dilution problem. Clearly the
ratios of the higher to lower moments [e.g., M,/
(M,)? and M,/ (M,)*] are not independent of x, as is
implicit in the x'/? prediction for the variation of
AH with x. The line must actually change shape
almost immediately with increasing dilution. Of
course, in the region around the line center it con-
tinues to look Lorentzian, but weight must be re-
distributed between the wings and central portion.
We should not be surprised by this conclusion,
since we know that in the purely dipolar case® the
low-order moments already show a slow transition
from roughly Gaussian (x> 0.1) to Lorentzian
(x <« 0.1) shape with increasing dilution. Even this
case has not been analyzed completely in terms of
higher-order moments, and our problem (dipolar
plus exchange) is still more intractable.

There is a more microscopic approach, which is
suggestive as towhere the specific difficulty with
regard to the observed departure from the x'/2 be-
havior might occur and, in particular, why the
linewidth actually increases with decreasing x be-
low x~0.5. In the sc lattice (z =6) the number of
Mn ions that have no Mn nn rises from 1.6% at
x=0.5to 53% at x=0.1. Because these isolated Mn
ions are coupled to other Mn spins only by dipolar,
rather than exchange, interactions, their fluctua-
tion power spectrum is concentrated at low fre-
quencies. Similarly the fluctuation spectra as-
sociated with a small isolated cluster of Mn spins
are concentrated around a few discrete frequencies
(separated by about J/n, where » is the number of
spins in the cluster), always including w=0. If two
spins, S, and S,, belong to such clusters (e.g.,
each is an isolated spin, or the two constitute an
isolated pair with no exchange interactions with
other Mn spins), then the four-spin correlation
function (S,(¢)S,(¢)S,(0)S,(0)) will decay in atime
characterized by a dipole coupling; it will thus
make an anomalously large contribution to the res-
onance width. The importance of these isolated
ions (or small clusters) is not given proper atten-
tion in an approach, such as the moment calcula-
tion discussed above, where the environment of a
given spin is treated only on the average.

As a crude approximation one might take the line
profile to be made up of two contributions, one
arising from spins within large (or the “infinite”)
connected clusters and the other from exchange

isolated spins or those in small clusters. Since all
resonate at g =2, one studies the behavior of the
total transverse magnetization, and we might rep-
resent the linewidth approximately as

Ad(x) = x*2AH(1) + F(x)(AH) (4.18)

isol?

with F(x) being a function related to the probability
of finding isolated ions (and small clusters). There
is an additional feature to the dilution experiments
which is in accord with such an interpretation. As
was mentioned earlier, the approximately constant
slope of AH(T) varied as a function of x (see Table
I). We may generalize (4.18) to include the ap-
proximate temperature dependence above 7 =400K:

Ad(x; T)=[1+a(T - 400)]x*/2A5(1;400) + AH'(x),
(4.19)

where Af’(x) represents the isolated cluster con-
tribution, independent of temperature in a first ap-
proximation. The quantity o« describes the varia-
tion of the linewidth arising from the anharmonic
and harmonic contributions and for simplicity we
assume « to be a function neither of 7 nor of x.
Then

OAH

'6-7"—— = AH0(1;400)XI/2(1,

and for large x, where AH'(x) is very small,

1 0Ad

AH(x; 400) 67 (4.20)

= = const.
We see in Table I that this prediction is borne out
and that the deviations from Eq. (4.20) at smaller
x occur because the temperature independent con-
tribution to Afi(x, 7) from AH’(x) becomes increas-
ingly important.

2. Temperature dependence of the S°Mn and ‘°F hfs

In the very low concentrations of Mn in KMgF,
and KZnF, (x < 107%) both well-resolved **Mn and
'F hfs appear, and their temperature dependence
was studied (see Fig. 7). The magnitude and sign
of the temperature-dependent **Mn hfs have been
investigated in a number of substances beginning
with the work of Walsh et al.?' Its origin was ex-
plained by Simanek and Orbach®® in terms of the
admixture of Mn 3d*:zs configurations into the
ground state 3d® one via the orbit-lattice interac-
tion, as driven by the karmonic vibrations of the
crystal. The anharmonic contribution actually
causes the negative hfs to increase, rather than
decrease, in magnitude with increasing tempera-
ture.’ Although our measurements extend to high-
er temperatures than the earlier ones,® no particu-
lar new results, with regard to the *Mn hfs, are
apparent.
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However, the temperature dependence of the F*°
hfs has not been as extensively studied, and no
comparison has been made between the variations
of the Mn®® and '°F hfs in the same crystal. The
harmonic and anharmonic effects of the lattice vi-
brations on the '°F hfs may be calculated using ex-
actly the same procedures as were employed in
Sec. IVA 1, and will be published elsewhere. A re-
lated approach to the problem has been given by
Shrivastava.®® Suffice it to say that primarily the
temperature dependence of the °F hfs arises from
anharmonic, rather than harmonic, phonon contri-
butions although, as in the case of J(T), in the lim-
it T>©,, both will vary approximately linearly
with 7. Thus it is not surprising that we find that
the relative changes of the two hfs interactions with
temperature are roughly proportional; i.e., A(T)/
A'(400 K) ~ KA®®(T)/A%(400 K), with K~ 5, despite
the different origins of the hfs and the different de-
pendence on phonon excitations (i.e., harmonic
versus anharmonic) to their variations with tem-
perature.

What is somewhat more interesting is a compari-
son of the relative change of the F'® hfs with tem-
perature with the corresponding variation of the
exchange interaction J(7) in the isamorphic KMnF,
and RbMnF, crystals. Since the '°F hfs interaction
is proportional to the Mn®**-F~ overlap integrals®®
and the Mn**-F~-Mn*" superexchange interaction
is proportional to the square of these integrals,®*
one might expect that the relation J(7)/J(400 K)
~[A(T)/A(400 K)]* would hold. In view of the fact
that there is some uncertainty in the experimental
quantities and the manner in which J(7)/J(400 K)
was determined, as well as the fact that the two
measurements relate to two different crystals
(i.e., KMgF, and KMnF,) it is perhaps fortuitous
how closely the data seem to fit the above relation,
as is seen directly by a comparison of Figs. 7 and
11. (Note difference in temperature scales in the
two figures.)

C. Molten state: 7>T,,

Regarding the measurements of the linewidth at
and above the melting point 7,, only very qualita-
tive conclusions may be made, at present. Here
we are limited by the absence of data on the vis-
cosity and density and, to a larger degree, knowl-
edge of the structure of the liquid.

Let us first consider MnF,. We take the decrease
in Ai in MnF, before melting as an indication that
motion must play an important role in the narrow-
ing of A above T,. We have already asserted
that this phenomenon is tied to an interchange of
Mn ions along the ¢ axis. Since MnF, exhibits no
radical change in AH as T increases from just be-

E. DORMANN, D. HONE,

AND V. JACCARINO 14

low to just above T,, we are led to believe that mo-
tion continues to determine the decay of the rele-
vant correlation functions. In the extreme narrow-
ing limit we might expect™

AH =M T (4.21)

where, for an isotropic liquid,
My~ $(gug)7°[S(S + 1) /ad)z,,

with a, characterizing the closest-approach dis-
tance for two Mn®" ions and z, being the average
near-neighbor Mn-Mn coordination number. Apart
from a factor of order unity it is not unreasonable
to surmise that % }~Mj. Of course, if there is a
very large change in the density p upon melting then
this result might be somewhat altered, but it is un-
likely that p changes by as much as 15%.

With the linewidth just below T, nearly equal to
the linewidth just above, and assuming M} =7:5, we
see that 7} ~7J~10"'* sec. Whereas below T, mo-
tion was characterized in terms of a definite lat-
tice-related interchange mechanism, we are some-
what less certain as to the detailed nature of the
motion in the liquid. One might argue that in a
strongly Coulomb-correlated ionic liquid, such as
molten MnF,, a high degree of position-position
short-range order must be present, not unlike that
of the solid. What was energetically possible as an
interchange mechanism in the solid would then cer-
tainly not be less so in the liquid—although here we
might label this as a “chemical exchange” between
Mn ions. Alternatively, if the liquid is character-
ized by voids, of either atomic size or larger, then
the translational kinetic energy of an ion (regarded
as “free”) would make possible the jumping of ions
from occupied sites into adjacent empty ones in
times of the order of 107'* sec or less.

In a distinctly different fashion, all of the XMnF,
compounds show an abrupt increase in A at the
melting point. Since motion appeared not to play an
important role in determining A% in the solid state,
the increase in the linewidth at 7, must be regard-
ed first as a decrease in the exchange narrowing.
However, just how much the exchange has decreased
at this point is not clear, because the subsequent
monotonic decrease in AH with increasing tempera-
ture suggests that motional narrowing immediately
becomes important upon melting.

Some further insight into the relative role of mo-
tional and exchange narrowing is obtained from a
consideration of the mixed systems, especially with
regard to the linewidth at the melting point (see
Figs. 8 and 9). Decreasing the density of magnetic
ions results in an initial decrease in the linewidth
which varies approximately as the square root of
the magnetic concentration x. Assuming the vis-
cosity, and hence the correlation time, to be sim-
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ilar for all the melts at T, the linewidth would be
given, in the presence of motional narrowing alone,
by

AH = (M )Tk, (4.22)

The slower observed dependence of AH on x sug-
gests that exchange continues to play an important
role even at 7,. The linewidth decreases more
slowly with further magnetic ion dilution. This
probably results from the contribution that the iso-
tropic °*Mn hyperfine structure makes to the sec-
ond moment, which may no longer be neglected
relative to the larger dipolar interaction, if the
latter has been motionally narrowed. Since motion
has no effect on the **Mn hfs broadening, there must
still be an appreciable exchange narrowing to re-
duce the linewidth (or rather remove the structure)
from an expected value of AH~2JA~ 500 G in the
concentration region x s 10%. Finally at very low
concentrations (x < 0.5%) the few spin exchange
collisions that occur are not sufficient to narrow
the hfs and the resonance again begins to broaden.
Unfortunately at the very lowest concentrations
studied we were not able to see a resolved **Mn
hfs, although we believe eventually one must ap-
pear as x - 0!

Finally, in comparing the dilution experiments in
the solid with those in the liquid we note that the
minimum in the linewidth occurs at a smaller val-
ue of x in the liquid. From our arguments above
we believe that, in the absence of **Mn and '°F hfs,
the linewidth in the liquid would monotonically de-
crease with x. That this does not occur in the solid
is a consequence of the important contribution
made by isolated Mn ions which experience no ex-
change narrowing, as we discussed previously,
and which has no counterpart in the liquid.

V. CONCLUSIONS

The systematic study of the EPR linewidth as a
function of temperature in but a few magnetic salts
already shows a rich variety of behavior both in
the solid and molten states. It is clear that phonon-
induced corrections to the dipolar and exchange in-
teractions as they affect the EPR linewidth below
T, are of prime importance in the XMnF, systems.
However, in MnF,, a physical interchange of ca-
tions at a rate comparable to the spin exchange
frequency becomes a significant mechanism for the
narrowing of the line below the melting point.

The linewidth measurements above 7T,, in the
dilute as well as in the magnetically dense salts,
reveal that motion and spin exchange both contri-
bute to the narrowing of the line. More detailed
interpretation of these results awaits complemen-
tary studies of the static and dynamic properties

of the molten salts (viscosity, density, paramag-
netic diffuse scattering of neutrons, nuclear mag-
netic resonance, etc.).
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APPENDIX: RIGID-LATTICE THEORIES FOR SOLID
DENSE PARAMAGNETS

1. Self-consistent effective-field theory (Ref. 54)

Mori and Kawasaki® first formulated the EPR
linewidth problem using a method involving the
time evolution of the Kubo relaxation function.
We may express the components SJ* (@ =x,y,2) of
the individual spin operators S in terms of col-
lective operators S by

SE=N"2 3 spelt R (A1)
H

Then the relaxation function (SZ (¢),S%(0)) is de-
fined through the ordinary correlation function
(S2(¢)S%(0)) by the relation

8
(SE(t), S%(0)) = f A (SE(E-iN)SE(0) ,  (A2)

with 8 =1/kT. I the system is magnetically iso-
tropic, then (S&(t),S%(0))= 6,/ (SS (2),S%(0)). Now if
the decay rate of the corresponding torque-torque re-
laxation function ($%(¢), $%,(0)) is much faster than
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thatof (S%(t),S%,(0)), thenitis agood approximation
to represent the latter’s time evolution as

(S5(t),52,(0)) =(55(0), S, (0)) e~ Tt (A3)
with

T, =(50), 55,00 [~ 65,35, 0nar . (a9)

The time-independent normalization factor is the
inverse of the static wave-vector -dependent spin
susceptibility:

x*(q)=(55(0),S%,(0)) . (A5)

The EPR linewidth corresponds to the rate I', as-
sociated with the decay of the transverse uniform
magnetization. The central problem is one of
evaluating f°° (5(2),55(0)) dt, where the time de-
pendence of the torque, i#S%(t) =[SS,5¢], is gen-
erated by the full spin Hamlltoman

->

:fc=Z’Jj,..§j.s,.,

->

+&°uPR;5 (S, -8R,
-3(R,; -§) (R, -§)], (4

in which, for Mn®* salts where single-ion aniso-
tropy is so much smaller than the interion dipolar
interactions, we retain only the latter. The rec-
ognition of this fact by Huber” was an important
contribution relative to the original work of Mori
and Kawasaki, in which only single-ion anisotropy
was considered. While 3¢, commutes with S, the
dipolar interaction does not. Therefore [S§,3C, |
will contain products of single-spin operators and
hence the uniform torque relaxation function will
involve products of pairs of single-spin operators;
i.e., (8%(t),52(0)) will contain terms of the form
S&@) s;‘,'(t),sgt’(o)s‘%ﬁ’,'(o)). In the spirit of the
random-phase approximation this may be decoupled
into products of two-spin relaxation functions

(S4(1) S, (£),8,(0) §,(0)) LT (S, (1), S (026, _, -
(A7)

Following Huber”’ then, we may express the line-
width r‘0= 1/T, as

1 a o 2
T qu) [ ero.snora, @
with

D(Q) = (U, - U,,)2+4UZ, +UZ,+ U2, , (A9a)
where

5aot'Rj2)R;5 ’
(A9Db)

Uner (D =3 T RER, 1R, o0 -
J

and x(0) is the exchange-enhanced uniform spin
susceptibility.

The problem lies in the evaluation of the quan-
tities (Sg'(¢),S%,(0)). Up to now the main interest®™”
has been in the critical behavior of the linewidth
near T =T,. Here, instead, our primary concern
is with higher temperatures: (T -7,)/T,>1. Us-
ing Eqs. (A3) and (A5) we may write Eq. (A8) in
the form

_g'u <S(S+1)>2
" kTx(0) 3%

x —Z D(q)( x@ ) (2r,),

where y, is the “bare” susceptibility: x,=S(S+1)/
3kT. I one makes the reasonable assumption that
the torque-torque relaxation function is charac-
terized by a simple Gaussian decay

(B3 (0,820 =(8,(0),8_ ()&, (a11)
then I'’ may be expressed as

/27 kRTH =2 - > - >
- <_”_%)__> LS () —a (€ D] (),

L
T

(A10)

N

k

(A12)

with J (E) the wave-vector transform of the ex-
change interaction. The important point is that
7, is neither strongly Q nor temperature depen-
dent®® in the temperature region of interest,
(T-T,)/T,>1; it is set by the fundamental ex-
change interaction strength. As its value, we take
the high-temperature small-q result from an ex-
plicit direct calculation®® of the second time de-
rivative of Eq. (Al1) at ¢=0:

77t ~w, = [8E2J%S(S +1) /312 ]2, (A13)
where £ <1. Equation (A10) is then reduced to the
evaluation of static q-dependent summations. The
simplest approach, the mean-field approximation,
exhibits a well-known inconsistency associated
with its intrinsic neglect of short-range correla-
tions. This can be remedied by using the Green’s-
function random-phase approximation.®” An equiv-
alent formulation® is the reaction field correction
to the mean-field result to y(g), which gives

x(@) _ T/T¢
xo s-J@MA(K,) "’
where K, identifies the wave vector for which x(q)
diverges at T=7, and T9=J(K,)S(S+1)/3k. The
parameter s and the temperature T are implicitly
related by the requirement

x(q)
NZ -1

(A14)
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or

(T/T2)G(s) =1, (A15)
where

o= fai (s - L2, (a16)

J(K,)
the lattice Green’s function, has been numerically
tabulated® for the sc, bce, and fcc lattices with
only nearest-neighbor interactions. This approach
gives the same result as does the spherical model
for x(q). At sufficiently low temperatures, where
the correlation length grows substantially larger
than the near-neighbor distance, this approxima-
tion, which includes only the near-neighbor cor-
relations, must break down. In fact, the critical
exponent for X(Ko) is given incorrectly (y =2 in-
stead of 4), but the approach should be satisfac-
tory in the higher-temperature region in which we
are primarily interested. Using Egs. (A12), (Al4),
and (A16) we may finally express the linewidth,

Eq. (A10) in the form

L C ary e
?2-" kTX(O)[SG (s) (J(s)]
L (@ N I\
XNEDW< ﬂid>é )
q

(A17)
with
C =% w,)  [3S(S + 1)]*g* uj.
In the limit T=w, sG(s) approaches unity and

__L = 1/ZM 4 4
(Tz )T—Nc_n 3we ﬁz MB

L s (1 _J@ )'1
X< ;D(q) (1 ) . (A18)
With use of the Cohen-Keffer dipolar sums,® Eq.
(A18) may be compared directly with the infinite-
temperature moment-method analysis,* as shown
in Table III. Other theoretical calculations of 1/T,
are also given in the table.

As has been emphasized by Huber,’ the question
as to whether or not 1/T, diverges as T~T, is
directly related to D(K,). Since, by definition,
x(K,) diverges as T—~T, [more precisely, x(K,
+4, T, )~q"%], a nonzero value for D(K,) is both
necessary and sufficient for the linewidth likewise
to diverge. However, our theory suggests that for
those lattices for which (K ,)=0 an interesting
“antidivergence” will occur which is related to
the sum rule
_1 E L‘l)z 1.

N Xo

-

q

If ﬁ(ﬁo) =0 and D(q) is continuous for g in the
neighborhood of K, then those components of x(ﬁ)
which are very large near T, are not contributing
to 1/T,. As a consequence of the sum rule the
remaining x(q) for which D(q) may or may not
vanish are reduced in magnitude and hence make
proportionately less contribution to the linewidth
than they would have had there been no divergence.
The theory predicts that the linewidth will actually
decrease as T—~T,, as is observed for RbMnF,.

In Fig. 10 we show the temperature dependence
of (1/T,)z/(1/T,), for the sc lattice. In the limit
T. /T «1, one may retain only the leading term in
the high-temperature expansion of the linewidth
in powers of J/kT. We find then
(3 ) - 2
Ty)s/ \T /., s s RD@[1-J(Q /(0]

~1-0.49(1T2/7T) . (A19)

Equation (A19) is also shown in Fig. 10 for pur-
poses of comparison both with the complete the-
ory and with the results to be given on the Green’s-
function theory immediately following.

2. Dynamical Green’s-function theory

We recall that the exponential-decay approxi-
mation of Eq. (A3) relies on the assumed rapid
decay of the corresponding torque correlation
function T,(t)=(5,(t),5_,(0)) relative to the time
scale set by 1/T,. Effectively T,(¢) has been re-
placed by a 6 function, of weight [ dr T(r).
Whereas this can readily be justified for small
values of ¢, since I', «g? it is not appropriate
for large values of g, where I', is of order w,,
or the decay rate of T,(t) itself. Under the latter
circumstances one expects a more Gaussian than
exponential behavior for the spin relaxation func-
tion. In fact, a high-temperature moment anal-
ysis* of the dynamical susceptibility x(q, w), the
Fourier transform of (S,(¢),S_,(0)), demonstrates
that it is Lorentzian-like at small ¢ and more
nearly Gaussian at large gq.

Tomita and Tanaka®~!° have avoided this diffi-
culty by taking an alternate approach to the cal-
culation of the line shape, which does not make
use of the perturbation expansion inherent in the
Kubo-Tomita theory. Instead they examine di-
rectly the equation of motion of the two-spin
Green’s function whose Fourier transform is
x (@, w), with all dynamics governed by the full
Hamiltonian, including dipolar interactions. In-
evitably, this generates an infinite hierarchy of
equations involving successively higher-order
Green’s functions. The principal approximation
is correlational rather than perturbational in na-
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ture, with some high-order Green’s function fac-
torized so as to truncate the sequence of equations
of motion. First, those equations are written for
suitably defined cumulant-type Green’s functions
(CTGF). Then the nth-order CTGF is set equal
to zero, which is essentially an nth-order random-
phase approximation. Algebraic complexity in-
creases rapidly with », and Tomita and Tanaka
cut off the sequence with neglect of the fourth-
order CTGF. However, they recognize that this
results in an approximation for the second-order
CTGF which has an artificial structure: its spec-
tral weight consists of two narrow peaks located
at nearly equal distance from the resonance fre-
quency, the square of that distance being the sec-
ond frequency moment of the second-order CTGF.
It is the nature of this sort of approximation that
it correctly gives lower-order moments (or the
initial behavior in terms of the Green’s functions)
but fails to treat higher moments properly. The
effect of the neglected higher-order Green’s func-

J
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tions would be to spread the spectral weight of

the second-order CTGF in some smooth fashion
about the resonance frequency with a width of the
order of the square root of the second moment;
i.e., of the separation of the narrow peaks found
in the above approximation. (The assumption is
that, as in the case of the torque correlation func-
tion of the earlier treatment, the second-order
CTGF spectral weight contains no important struc-
ture.) Tomita and Tanaka take this into account
by replacing the second-order CTGF calculated
by the above truncation with a Gaussian of a width
such as to give the correct second moment. The
result for the EPR line shape is of the form

I (w) =A()/{[w - A(w)]?+[T(@)]}.
Since A (w), A(w), and I'(w) characteristically vary
on the scale of exchange frequencies, the center

of the line is nearly Lorentzian, with a width I'(0)
=1/T, which is given approximately as

RTx (D) [3 U, (D

et (S522) (5) 4 (9)

where j(q) =J(4)/7(0) and all other symbols have
been defined above. Here we have made the re-
placement (S, S_,) =kTx(q) appropriate to the high-
temperature region of interest to us. In the de-
nominator we have kept only terms of order J; in
general there should be added under the square-
root corrections of order D/J and D?/J% where D
is a measure of the dipolar coupling strength, but
these corrections are relatively very small except
near ¢ =0. Since the summand diverges only as
g~!, phase-space factors minimize the importance
of the small-¢ region and these corrections would
add no appreciable contribution to the calculated
linewidth. The calculation of Refs. 8 and 9 includes
only the secular part of the dipolar interaction.
We have multiplied the result by % to account for
the contribution of the nonsecular terms, which
must be included for the exchange-narrowed line.
The essential correctness of this procedure was
demonstrated by Tomita and Tanaka in their second
paper.®

Equation (A20) is of the form

2/
N-IZ a’*(q)
3

and would lend itself only to numerical computation.
Tomita and Tanaka argue that it should be an ade-
quate approximation over the whole of the para-
magnetic region to make the factorization

2J(0){[1-j()] Sz kTx(@) (@) (@) -i (@2’

(A20)

a*(q)
b(q)

NTY - Za%ay 3o b(@)
a q ¥

on the grounds that the distribution with respect

to q is quite different for a2(q) and 5(q), the for-
mer being primarily dipolar and the latter ex-
change in character. By so doing they are able

to Fourier transform a2(q) and 5(q) into their
configuration space counterparts, which are easily
evaluated. For the sc lattice their final expres-
sion for the linewidth is [Eq. (18) of Ref. 9]

33
16

izred sy (5
[J] [y (0) +¥(1) + 4y(V2) +y(@)]272 °
(A21)

A
T,

where the y/( ﬁ) are the static two-spin correlation
functions of magnetic atoms separated by a lattice
vector fﬁao. The quantities a(|3|) are defined by
the inverse Fourier transform of the dipolar fac-
tor [U,,(@)]? in the numerator of Eq. (A20).

The result (A20) for 1/T, is in a form which can
be compared directly with the self-consistent
effective-field-theory expression (A10) with the
definition of I', (A12). In both cases 1/T,~D?*/J
at high temperatures, as expected on general
grounds. However, the weighting of different
regions of the Brillouin zone is quite different,
leading to a substantially different temperature



dependence of T, relative to its infinite tempera-
ture value.

Numerical computations of (1/7T,),/(1/T,), were
madeusing Eq. (A21) with the nn, nnn, and nnnn static

J
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pair-correlation functions obtained from high-
temperature expansion of the random-phase
Green’s-function theory for these quantities.’” We
obtain then

T2 TZ
with T,=3JS(S+1)= 0.2528 T, in the Green’s-func-
tion theory for the sc lattice. The results obtained
from Eq. (A22) are shown in Fig. 10 and again we
have also plotted the same ratio to order T,/T;
namely

(1/T,)p/(1/T,). =1 =0.54T, /T
~1-0.090 T2 /T . (A23)

This leading term is seen to give most of the
temperature dependence in the region 7/7>5,
which is the primary region of interest for our
high-temperature studies. It is also apparent that
the self-consistent effective-field theory yields a
larger coefficient of T2 /T, the two theories dif-
fering by a factor of 5.

Considering the nature of the approximations
contained in the Tomita- Tanaka theory, it is not
immediately apparent that its predictions are to
be preferred to those obtained from our own. How-
ever, we have also compared the predictions of
the self-consistent effective-field theory for the
NMR problem®—as to the temperature dependence
of the auto- and pair-correlation functions—with
the results of exact high-temperature expan-
sions®!*®? and found our theory to ovevestimate®
the coefficient of Ty /T in each case. In the ab-
sence of any other detailed calculations for the
EPR linewidth problem we have elected to use
the Tomita-Tanaka results as “exact” for all
further discussions in connection with the inter-
pretation of the experimental results.

Apart from all other features of the Green’s-
function theory, what is abundantly clear from
Fig. 10 is that in the region T/T,>5 the linewidth
changes by no more than (2-3)% before melting
(T, /Ty=15). Hence the observed increase of some
15% in AH in KMnF, and RbMnF, cannot be mainly
of spin-dynamical origin.

Finally, we have collected in Table III the pre-
dictions for the infinite-temperature linewidth for
KMnF, from moment and other theories along with
the results obtained from the two theories dis-
cussed in this section to compare with the experi-
mental results. The experimental values are the
room-temperature results extrapolated to T =
using the Tomita-Tanaka theory. In this way we

( 1) /( 1 > _ 1-1.03907, /T = 1.4943(T, /T)* = 3.1170(T, /T)*
r . [1-T,/T +5.8612(T, /T)? = 3(T, /T)* | /2’

(A22)

remove the observed changes in AH that occur at
higher temperatures which we believe to be of non-
spin-dynamical origin.

In this section we have shown that a relatively
simple theory of the spin dynamics as it relates to
the EPR linewidth problem gives qualitatively good
results as to the absolute magnitude of AH and its
temperature dependence. A more elaborate theory,
that of Tomita-Tanaka, shows the temperature de-
pendence of AH to be even weaker at high tempera-
tures and hence we conclude the observed results
cannot arise primarily from “rigid-lattice” spin-
dynamical effects.

In the interpretation we have employed a theory
of the spin dynamics involving several approxi-
mations whose validity is difficult to assess with
confidence. We know, as pointed out above, that
the approximate static correlation functions used
are inaccurate in the critical region; the critical
exponents are incorrect. But even well above this
region, in the intermediate temperature range
2<T/Ty<5, where short-range-order effects lead
to considerable temperature variation of the pre-
dicted linewidth (Fig. 10), there is substantial
disagreement with experiment (AH nearly tempera-
ture independent; Fig. 3). Why have we then ac-
cepted the theory as reasonable at higher tem-
peratures? The answer is that we believe a major
source of the discrepancy in the intermediate
temperature range to be a gradual change of the
line shape with temperature, as evidenced clearly
in the theoretical work of Mori® at temperatures
closer to the critical point. The problem is that
a single parameter characterizing the line, the
linewidth AH, has been estimated by calculation
of a few low-order moments determining the short-
time behavior of the correlation functions. But we
know?*° that the connection between these moments
and AH is sensitive to the precise nature of the
cutoff of the wings of the assumed line shape,
known to be Lorentzian near its center; the dif-
ference can be as much as a factor of two in pre-
dicted linewidth for different reasonable decays
in the distant wings of the line. We do not, how-
ever, expect the line shape to change appreciably
in the high-temperature region, before short-
range order begins to play a substantial role.
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