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The C' and Cs!® nuclear magnetic resonances have been studied in powdered samples of
the cesium-graphite intercalation compounds at temperatures between 1.3 and 4. 2°K. The
spin-lattice relaxation times and the line shapes of both nuclear species in the compounds
and of the C'® nucleus in pure graphite were measured in an effort to determine the nature of
the conduction-electron states in these substances. At 4.2°K, using pulse techniques, the
measured values of Ty for cBare 1.6+0. 3, 2,6+0.4, 3.9+0.5, 5.6+0.5, 7.6+0.8, and
30+5 min in CgCs, CyCs, CyeCs, Cy3Cs, CgoCs, and pure graphite, respectively. Both the
Salzano-Aronson binding model for the compounds and a tight-binding extension to the Slonc-
zewski-Weiss band model for graphite are shown to account qualitatively for the cesium con-
centration dependence of the C'3 Ty’s. None of the usual relaxation mechanisms is conclu-
sively identified with the relatively short C'3 7,’s. The temperature dependence also remains
unaccounted for. Echo techniques at helium temperatures establish the shape of the 500-G-wide
cesium quadrupolar spectrum in Cg4Cs at 1.3°K. The measured quadrupolar splitting is
16.8+1 kHz. The Knight shift for cesium in Cy4Cs is measured to be (0.290.01 %), indepen-
dent of temperature from 300 to 1.3°K. In CyCs and CyCs, the Knight shift was zero within
+0.02%. The experimentally measured T for Cs!® in C4Cs was 7.5+0.5 sec, while the Ty’s
in Cy,Cs and Cy4Cs were 27 +6 and 48 +10 min, respectively. The Cs!* Knight-shift and
relaxation-time results support the view that the cesium is partially ionized in CzCs and
completely ionized in the cesium-poorer stages.

I. INTRODUCTION has been observed in the potassium-graphite sys-
The techniques of nuclear magnetic resonance tem.®

(NMR) have provided detailed information about in- In general, experimental results are consistent
teractions between nuclei and their environments with the assumption that there is a transfer of elec-
in a variety of physical systems. This paper re- tronic charge from alkali to the graphite layers.
ports on the use of these techniques to study one However, little detailed information about the na-
member of an unusual group of crystalline, metal- ture of the resulting electronic states is available.
like compounds, the alkali-graphite intercalation The electrostatic binding model of Salzano and
compounds. Aronson®!® successfully accounts for the bonding
The crystal structure of these compounds is well energies of all but the two most alkali-rich stages.
known. !™® Their static susceptibilities have been However this model is not sensitive to the nature
measured and are paramagnetic, in contrast to the of the electronic states.
large diamagnetism of pure graphite.* Electrical We report here on the low-temperature magnetic
conductivity in the potassium-graphite system in- resonance properties of graphite and the cesium-
creases with increasing alkali concentration, al- graphite system. The only previous observation
though with different rates in the two different crys- of magnetic resonance in these compounds is the
tal directions. ® Thermodynamic properties, such work of Jensen, O’Reilly, and Tsang.!! They ob-
as energies of formation and alkali vapor pres- served the cw peak of the Cs'® line in C4Cs and
sures, have been measured.® The most alkali-rich Cz,Cs — a “line” that in this study is shown to be
stages of the cesium, rubidium, and potassium the central peak of a quadrupolar broadened powder

compounds have been observed to undergo a super- pattern. Their quoted values for the cesium Knight
conducting transition.” The critical field is aniso- shift are in disagreement with results presented
tropic. More recently, an expansion of the carbon- here.

carbon bond length with increasing alkali content Section II is devoted to a brief discussion of the
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properties of graphite and the alkali-graphite inter-
calation compounds. Section III describes the ma-
terials, the methods of sample preparation, andthe
experimental equipment. The experimental pro-
gram, the data, and the results are presented in
Sec. IV. Section V is the analysis and discussion
of the results.

II. MATERIALS
A. Graphite

The carbon atoms in graphite are arranged in
planes, each plane a two-dimensional network of
hexagons with edge 1. 42 A. The planes are sepa-
rated by 3. 37 A. Intraplanar bonding may be de-
scribed by sp? bonding orbitals with the remaining
p, electron of each carbon atom in a 7 orbital de-
localized around the network of “benzene rings.”
Interplanar bonding is of the van der Waals type.

Since the planes are relatively distant and weakly
interacting, early band-structure calculations'?
used two-dimensional tight-binding approximations.
However, the three-dimensional Slonczewski-Weiss
model®® has been used more successfully to explain
the results of a large variety of experiments. '*

More complete discussions are provided in the
review by Haering and Mrozowski, '* and in the
monograph by Ubbelohde and Lewis. 2

B. Alkali-Graphite Compounds

The alkali-graphite “intercalation” or “lamellar”
compounds are crystalline materials with the metal
atoms in layers between graphite planes. 1-3 At
least six well-defined “stages” have been identified
in the cesium-graphite system. (Rubidium and
potassium form similar stages.) The cesium-
graphite compounds have ideal formulas Cg4Cs,
C4Cs, CyCs, C4eCs, and Cy(Cs. (A stage withthe
formula C,,Cs has been reported, but it is unstable
below 324 °C.%) C,Cs has a metallic brownish-gold
color, C,,Cs is a deep blue, and the more cesium-
poor stages range from blue-black to almost black.
They decompose rapidly in air.

The crystal structure of the intercalation com-
pounds was established by Rudorff and Schulze. 4
Recently, more accurate x-ray studies®!® have
slightly modified the original model.

The sequences of metal and carbon layers for the
compounds are shown in Fig.1l. Cg¢Cs has a layer
of cesium atoms between every pair of graphite
layers. C,,Cs has a cesium layer after every sec-
ond graphite layer. This pattern is extended, so
that in CgCs a cesium layer comes after every fifth
graphite plane. The pure graphite interlayer spac-
ing expands to accommodate the cesium layer.

The concentration of cesium per alkali layer is
highest in C¢Cs, but remains constant, at two-thirds
of the C4Cs value, in each of the other stages. Each
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FIG. 1. Metal-layer—graphite-layer stacking se-
quences for the cesium-graphite intercalation compounds.

cesium nucleus is surrounded by 12 nearest-
neighbor carbon atoms.

The Salzano-Aronson binding model successfully
accounts for the bonding energies and other
thermodynamic properties of the compounds.
In this model the alkali valence electron is ionized
into a conduction band associated with those graph-
ite planes immediately adjacent to an alkali layer.
The bonding mechanism is the electrostatic attrac-
tion between the positive alkali atoms and the adja-
cent negatively charged sheets of graphite. The
Salzano-Aronson model is unable to describe phe-
nomena directly related to the nature of the elec-
tronic states.

Measurements of the thermoelectric power have
been used to support a model for the bands in the
potassium compounds by assuming that these are
merely doped graphite systems. "

In general, experimental data support the notion
that formation of the compounds involves an electron
transfer mechanism from the alkali to the host
graphite lattice.>'® However, no detailed descrip-
tion of the band structure nor of the electronic wave
functions has been published.

9,10

III. EXPERIMENTAL DETAILS
A. Materials

The graphite used to make the samples was Na-
tional spectroscopic graphite powder, grade SP-2,
supplied by the Union Carbide Corp. Total impu-
rity content is guaranteed less than 6 ppm. Parti-
cle size is less than 35 u. SP-2 powder has been
heat treated in excess of 3000 °C and is described
as “well graphitized.”

The alkali metals were obtained from MSA Re-
search Corp. in 2-g ampoules. Purity is 3N*. The
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metal was used directly from the ampoules.
B. Sample Preparation

Samples were prepared by heating weighed
amounts of metal and outgassed graphite powder in
sealed Pyrex tubes. The atmosphere inside the
tubes was helium gas at about 3-atm pressure. The
tubes were gently heated so that the reaction, aided
by vigorous shaking, was complete in just a few
minutes. The final products were C4Cs and unre-
acted graphite (except in the case of the preparation
of C4Cs itself, when there was no excess graphite).

The reaction tubes were kept in a tubular furnace
for several days at about 300 °C. The final contents
were a uniform color appropriate to the desired
compound. No precise analysis was performed.
The several day heating period was longer than that
reported necessary for complete annealing. ®

The sample material was mixed in outgassed
Dow Corning 704 fluid (for particle separation) and
injected into the sample tubes.

All operations with exposed materials were per-
formed in a glove box under a dry helium atmo-
sphere.

C. Experimental Apparatus

Low-temperature measurements were performed
on a crystal controlled-pulsed spectrometer. The
gated oscillator and transmitter circuitry were
homemade. * The pulsing sequences were gener-
ated by Tektronix type-162 waveform generators
and type-163 pulse generators. The receiver con-
sisted of an Arenberg Model PA-620 tuned pream-
plifier and Model WA-600B wide band amplifier.
The samples, in Pyrex tubes, were mounted in a
conventional tuned crossed-coil configuration.
Achievable H,’s were about 50 G in the rotating
frame, as measured by the 90° pulse length re-
quired for a proton resonance.

The samples were immersed in the liquid-heli-
um bath. Temperature was monitored both by re-
sistive techniques and by oil and mercury manome-
ters connected to the helium Dewar.

Room-temperature measurements were taken on
a cw spectrometer consisting of a crystal oscillator
stabilized Varian model V 4210 A rf unit, Varian
model V4230 B NMR probes, an audio oscillator,
an audio amplifier, an Ithaco model 353 lock-in
amplifier, and a Moseley model 135M x-y record-
er.

The magnetic field was supplied by a Harvey
Wells magnet with 12-in. -diam pole faces and a
3-in. gap. The field inhomogeneity, less than 5
parts in 10° at 2 kG, was minimized by maximizing
the Bloch decay time for a doped water sample.

The field was measured with a Harvey Wells
gaussmeter model G-501 and a Beckman-Berkeley
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model 7175 N frequency counter.

A boxcar integrator was used to obtain the cesium
quadrupolar line shape in C4Cs.

The rf frequency was 8.5 MHz in a field of 8 kG
for the C' resonance and 5.5 MHz in 10 kG for the
Cs'3® resonance.

IV. RESULTS
A. T, for C'3 at Low Temperature

Experimentally measured values of the spin-lat-
tice relaxation time 7, for the C*3 nucleus in the
compounds and in pure graphite are shown in Fig.
2(a). The data were obtained with the pulse spec-
trometer using conventional 90°-7-90° pulse se-
quences. The signal height was measured at stan-
dard intervals along the free induction decay (FID)
after the second pulse. The sum of these heights
was taken as a measure of the recovered magnetiza-
tion M at time 7. T, was obtained from the slope
of a plot of In(M, - M) against 7, where M, is the
equilibrium magnetization. M, was measured with
the condition 7> T,.

The uncertainty in measurements of the signal
amplitude was estimated by visual inspection of the
signal-to-noise ratio. The uncertainties in the
slope of the T, graphs were obtained by graphical
methods. The error estimate is probably rather
generous.

Data on the C*3 T, in CgK are given in Fig. 2(b).

B. T, for C'3 at Room Temperature

The room-temperature value of T, for C'3 in pure
graphite was established by a standard fast-passage
experiment with the cw spectrometer. The mea-
sured value of 7T, is 89+ 10 sec and is shown along
with the graphite low-temperature T, data in Fig.

3. If T, was fit to a straight line over the entire
temperature range the slope would be — 0.7, falling
between the metallic behavior, T, 7"}, and the
semiconducting behavior, T, 771/2,

The error estimate for the fast-passage value
for T, comes from an analysis similar to that used
for the low-temperature pulse data.

C. CB Line Shapes

Table I gives the measured values for T and
T, for the C'3 resonance in the cesium compounds
and in pure graphite. T4, the 1/e falloff time in
the FID, was obtained by graphing the signal heights
at intervals along the FID against time on a semilog
plot.

T, the inverse dipolar linewidth, was measured
by the spin-echo amplitudes after the usual 90°-
variable 7-180° pulse sequence.

The C!3 line shape in pure graphite was Loren-
tzian (exponential FID) while the line shapes in the
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FIG. 2. C® gpin-lattice relaxation time as a func-
tion of temperature for (a) graphite and the cesium-
graphite intercalation compounds and (b) CgK.

compounds were almost Gaussian (“almost Gaus-
sian” FID). All dipolar T, plots from spin-echo
data appeared to be pure exponentials.

The C* signal was observed in one sample of
CgK and the linewidth data are included in Table I.

D. Cs'* Quadrupolar Line Shape and
Echo Spectrum in C;Cs

The Cs'3 resonance in C4Cs is split by quadrupo-
lar interactions. In a powder sample the orienta-
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FIG. 3. T, for C!%in pure graphite. The room-tem-
perature point was obtained by a fast passage experiment.

tion-dependent satellite lines are broadened and

are not easily observed. The cw spectrum at room
temperature is shown in Fig.4. The decrease in
intensity from that for the Cs'*® resonance in cesi-
um metal is about a factor of 5 and the Cs “line” is
thus identified with the central peak of a spin-¥
quadrupole spectrum.?® (This statement also ap-
plies to Jensen, O’Reilly, and Tsang’s! observation
of the cw line at 4.2 °K.)

At low temperature, on the pulse spectrometer,
the entire quadrupole spectrum was graphed by the
method used by Narath for lanthanum metal. ® The
output from a boxcar integrator, gated at the peak
of the echo at 27, was graphed by an x-y re-

corder while the magnetic field H, was swept
through the resonance line. The pulse sequence

was 90°-7- #45°, (Pulse lengths are defined by the
metallic 90° pulse length.) 7 was as short as pos-
sible, limited by the 20- usec receiver deadtime.
The second pulse length was chosen for maximum
echo height.

The spectrum at 1.3 °K is shown in Fig.5. The
frequency shift between peaks has the value 8.4

TABLE I. C® Linewidths at 1.3°K.

AH* (G)
T;* (Inferred width T,

AH (G)
(Inferred width

Material (msec) at half-max.) (msec) at half-max.)
Pure graphite 0.33 0.92 4.1 0.072

Cq4Cs 0.43 1.0 1.6 0.19

CyCs 0.59 0.73

CgCs 0.56 0.77

CyK 1.2 0.36

ar¥ for C'3 in the compounds was almost Gaussian.
T% in pure graphite and all Ty’s were exponential. The
appropriate expressions for AH were used depending on
whether the decay was Lorentzian or Gaussian.
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(a)

——10G

(b)

FIG. 4. cw spectrum of Cs!® in C4Cs in the (a)
absorption mode and (b) dispersion mode at room tem-
perature. The modulation field was 8-G p-p. The res-
onant frequency was 5.5 MHz.

+0. 6 kHz.

The Cs!¥ FID, arising from the central line, may
be associated with a resonance line shape inter-
mediate between Lorentzian and Gaussian with a
linewidth of about 8 G. This inferred width is in
accord with the width of the central peak observed
by cw methods. !! A typical signal at equilibrium
magnetization is shown in Fig. 6(a).

Quadrupolar echoes were observed at 27 and 37.
(Poor signal-to-noise ratio prevented detection of
all seven quadrupolar echoes.) The 27 echo con-
tains contributions from all satellites with the outer
satellites contributing the narrower components. 2
The 37 echo is due to the inner satellites, the 5%
and — 3« — § transitions. An estimate of the 37
echo duration gives a half-width of 30+ 6 G for the
inner satellites.

E. T, for Cs'3? in C4Cs at Low Temperature

The available rotating field H; is small compared
to the total quadrupole linewidth. Under these cir-
cumstances, a single pulse would “heat” only a
small part of the total line. However, saturation
of the entire line may be brought about by a series,
or “comb, ” of closely spaced pulses. If the field
is positioned on the central peak, saturation comes
about through electron-coupled transitions between
the central peak and the satellites.

In the present work, sample heating (appearing
as a reduction in the amplitude of the FID after a
given time interval) was observed before complete
saturation could be achieved. Yet a value for T,
was obtained by observing the recovery of the mag-
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netization, as measured by the FID due to the cen-
tral peak, even though the spin system was not sat-
urated. Under these conditions, the recovery of the
magnetization contains initially faster components
caused by transitions from the satellites to the cen-
tral peak. After some time, all components of the
line reach an equal spin temperature and the entire
spin system recovers toward equilibrium magne-
tization at a relaxation rate which may be taken as
the average. This average, or intrinsic, T, may be
extracted from the asymptotic value of the recovery
of the magnetization.

A plot of In[(M,~ M)/M,] against time after a non-
saturating train of pulses is shown in Fig.7. The
ratio of the initial relaxation time of 0.3+0.1 sec
to the long-time relaxation time of 7.5+0. 5 sec
agrees with the ratio of 28 between the fastest and
asymptotic relaxation rates for a spin-I quadrupole
line, as calculated by Narath. 2!

F. Line Shapes and 7,’s for Cs!3
in C,,Cs and C;4Cs

Under similar conditions as described above for
the case of C4Cs, the cesium line in C,,Cs and
C;3,Cs behaved as though it were saturated after
only a single 90° pulse. (Poor signal-to-noise ra-

1 |

L 1 1 - 1 )
95 96 97 98 99 100 10l kG

FIG. 5. Cs!® quadrupole line in C¢Cs at 1.3°K. The
spectrum is a record of the amplitude of the echo at 27
as a function of the magnetic field. H; was reduced to
~ 20 G for greater resolution.
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FIG. 6. Cs'® FID,
slightly off resonance, at
full magnetization in (a)
CgCs, (b) Cy4Cs, and (c)
Cs6Cs at 1.3°K. The time
scale is 50 usec per large
division.

)y

tio precluded observation of the Cs'® signal in the

higher stages.) The measured 7,’s were 27+ 6 and
48 £10 min in C,Cs and CgCs, respectively. No
echoes could be observed and, as shown in Fig. 8,
there is little evidence for more than a single re-
laxation rate. A 90°-7-90° pulse sequence was
used.

The FID’s for these compounds are shown in
Figs. 6 (b) and 6 (c).

o8k Cs3 T, in CgCs at 13K

0. (.
\".\.\
Ty =75+ 0.5sec

T;=0.3+0.Isec

[oX] 1 1 I L T N SR | 1 1
O 02 04 06 08 1O L2 14 16 18 20 22

Time (sec)

FIG. 7. Recovery of the Cs!%® magnetization in C4Cs
at 1.3 °K after a nonsaturating comb of ten pulses, 5.5
usec each.
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FIG. 8. Recovery of the Cs!3 magnetization in (a)
Cy4Cs and (b) C3¢Cs at 1.3 °K after a single 90° pulse of
5.5-usec duration.

G. Cs'® Knight Shift

The field positions of the Cs!* resonances in

CgCs and C,,Cs were measured relative to the Cs
signal in a pure-metal sample on the cw spectrom-
eter at room temperature. The lines were re-
corded on the same trace by switching samples.
One such sweep through the C4Cs and C,,Cs disper-
sion lines is shown in Fig.9. The results, aver-
aged over many such measurements, are presented
in Table II. The data are in disagreement with that
of Jensen, O’Reilly, and Tsang!! who measured
equal shifts of 0.25% in both C4Cs and C,,Cs, and
in C4,Cs. They also observed a line, not detected
in this study, which was shifted by 0.4% in samples
of C4Cs.

The relative Knight shifts do not show any mea-
surable temperature dependence. The central
peaks of the resonances were observed to have the
same relative field values, within an uncertainty of
about 2 G, at low temperature on the pulse spec-
trometer.

133

V. DISCUSSION OF RESULTS

A. C' Nuclear Relaxation

No simple, yet comprehensive, model has been
found which satisfactorily accounts for all aspects
of the spin-lattice relaxation data. However, even
though the nature of the basic C'® relaxation mech-
anism remains unknown, certain features of the T';
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FIG. 9. Room-temperature Cs!®® dispersion lines at
5.5 MHz in CgCs and Cy4Cs recorded on a single sweep.
The indicated field positions are the results of several
measurements of the difference in field positions be-
tween the Cs!® line positions in cesium metal, C4Cs,
and CyCs. The Cs metal line was used as the refer-
ence. The C,,Cs line falls at the expected unshifted
Cs13 resonance, based on the known Knight shift of
the metal line.

data are in limited accord with certain models and
some discussion of this accord will be given later
in this section.

1. Possible C*® Relaxation Mechanisms

All relaxation processes known to us and consis-
tent with a system of spin-3 nuclei are found to
be too weak to account for the data. Some of the
difficulties encountered in explaining the data are
discussed in the following list of possible relaxation
mechanisms.

Direct dipole-dipole relaxation to the Cs'® nu-
clei. It is well known that the spectral density of
fluctuations in local magnetic fields arising from
lattice vibrations is very small at the (relatively)
low nuclear Larmor frequencies. Moreover, if
local field fluctuations at C'? sites were to come
from the reorientation of Cs!3 nuclei in the course
of nuclear relaxation, the effect is negligibly weak.
This relaxation rate may be estimated from an ex-
pression for T, in liquids due to local field fluctua-
tions caused by the thermal motion of nuclear mo-
ments.

Impurity velaxation. Impurity relaxation is un-
likely since the various C*® 7,’s in the compounds
display the same unusual temperature dependence
as does T, in pure graphite.

Relaxation by s-state electvons. The relaxation
of nuclei in a metal by coupling to the s-state con-
duction electrons is given by the familiar expres-
sion

64
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The experimental value of 7,7 for C'* in C¢Cs,
whenusedwith Eq. (1), predicts a value of { | %,(0)! 2>EF
which is greater than the value of that quantity for
Li” in lithium metal. Such a situation is quite im-
probable, and argues against the identification of
s-state electrons as the source of relaxation, in
agreement with the Slonczewski-Weiss Model. '3

Nuclear dipole-electvon dipole relaxation. In the
Slonczewski-Weiss band model for graphite, the
only free-carrier states are linear combinations
of p,orbitals. An expression for T, using p, wave
functions and the dipolar Hamiltonian was calcu-
lated® following the method of Slichter for the
Fermi contact interaction.?® The result, similar
to that of Narath and Wallace, % is

%:g_’;ygygﬁs <713>2® 2 (Ep) RT. @)
For graphite, D(E) is taken as® 0. 006 (atom eV)™
and (1/7%) as 1.692 in a.u.?" The resulting value
for T, is 32.4 days at 4. 2 °K for pure graphite.

The measured value is 30 min. This electronic

process is also too weak for the compounds if cal-
culated values for the density of states in the com-

‘pounds (Eq. 11) are used.

Orbital relaxation by p-state electrons. Even in
the most favorable case, with all three p-states
equally populated, orbital relaxation is only a factor
of 3 more effective than dipolar relaxation. 2

Relaxation by cove polarization. Generally, re-
laxation by core polarization is less effective than
relaxation by ordinary contact interaction.

2. Cesium Concentration Dependence
of C!® Relaxation

Models based on the Salzano-Aronson binding
model® and on the Slonczewski-Weiss band model
for gra,phite” are each able to correctly predict
the C*® T, dependence on cesium concentration.
Both models include the assumption that the rele-
vant effect on T, of the intercalation of cesium is a
change in the electronic density in the compounds.
However, the models represent completely opposite
points of view so far as the electron spatial distri-
bution is concerned.

Salzano-Avonson binding model. In the Salzano-
Aronson model the electrons are treated as being

TABLE II. Cesium Knight shifts in C4Cs and Cy,Cs.

AH/H based on
Measured shift known
in G from Cs metallic Knight

Proton freq. in MHz
at center of room
temp. dispersion

line at 5.5 MHz metal line shift
Cs metal 41.3281+0.0002 (1.49%)
C4Cs 41.829 +0.005 117.7+0.9 0.29+0.01%)
C,y,Cs 41.930 +0.009 147 +2 (0+0.02%)
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localized on the two “filled” graphite layers adja-
cent to each metal layer. (With the simplest pic-
ture, CgCs, for example, has two graphite layers
with the same electronic density as those of C,,Cs
for every three layers of “pure” graphite. )

In this model all effective relaxation of C'® nuclei
in the compounds would take place on the “filled”
layers since the pure graphite T, is so muchlonger.
Unfilled layers would be relaxed via spin-spin
interactions characterized by some diffusion time.
This diffusion time will be on the order of T,. Hence
the spin system will be in thermal equilibrium dur-
ing the relaxation and the bottleneck is the C*® re-
laxation in the filled layers.

This conclusion leads directly to a prediction
for the expected T, dependence on cesium con-
centration for the compounds C,,Cs through CgoCs,
because the filled layers have identical electronic
character in this model. (CyzCs has a higher con-
centration of metal per alkali layer, so it is not
included in this simple analysis.)

Since there was no evident difference in equilib-
rium magnetization among the various samples, the
conclusion is that all nuclei were being detected.
The observed total magnetization M may be thought
of as resulting from the combined contributions of
the filled layers and the unfilled or “reservoir”
layers

M=My+Mg . (3)
Since the relaxation takes place only on the filled

layers, both My and My would relax with the same
net relaxation time,

Mp=Mp(1=et/T1) (4a)
Mg =Mgy (1-¢7t/T1) | (4p)

The subscript “0” refers to equilibrium magnet-
ization. At any time ¢ one has

Mg = (Mgo/Mpo) Mg . (5)

The relaxation of the total magnetization is given

by

aM _ Mgy - Mg

dt T ’ (8)

where 7 is the intrinsic relaxation rate associated
with the filled layers (or alternately with C,,Cs).
Substituting for M, one has

1 e Mg M= -
MFO dt T

The solution

Mp=Mpy[1 - exp—1t/7(1+Mgo/Mgo)] (8)

identifies the sample T,. That is
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Mpot Mgy My
T Mg ’ My T (®)

Thus, the C!? relaxation time for a given sample
would be inversely proportional to the fraction of
layers which are filled since the equilibrium mag-
netization is proportional to the numbers of nuclei.
In other words, T, would be directly proportional
to #r n, where n=24, 36, 48, or 60. Table III gives
the predicted C'* T, ratios along with the measured
Ty’s for C,4Cs through Cg,Cs at 4.2 °K.

Slonczewski-Weiss band model. Explicit depen-
dence of T, on the band structure of a crystal arises
through the density of states D(E). Assuming the in-
tercalation of cesium directly determines an elec-
tron density which is uniform throughout the crys-
tal, the relationship between cesium concentration
and T; may be obtained through an expression for
D(E). Implicit in this assumption of relaxation by
spatially distributed free electrons is the fact that
each C*® nucleus in the crystal has the same relax-
ation time.

The density of states in the compounds as a func-
tion of electron density is derived in the Appendix
through a tight-binding approximation to the Slon-
cewski-Weiss model for the graphite band struc-

ture. The result is

D(E)=(2/V317Y) [E-3(a+7y) ] (10)
or

D(E)=0.274N/2 | (11)

where N is the number of donor electrons per car-
bon atom.

Since 1/T, < ®? (E) and N=1/n, the electron-con-
centration dependence of this spatially nonlocalized
electron model gives the same result as the local-
ized electron analysis based on the Salzano-Aron-
son model.

The 7,’s given by D(E) from Eq. (11), for all the
compounds including C¢Cs, are given in Table III.

TABLE III. Expected Ty and ¥ ratios.® The underline
entries are those appropriate only to the discussion of
the Salzano-Aronson Model.

ch T, X T, % /x[CyCsl\%?
at 4.2°K (10~¢ Ty for Cqu( X )
Compound (minutes) cgs units) (experiment) Theory®
C4Cs 1.6 1.0 0.62 0.87 0.56°
Cy,Cs 2.6 8.7 1.00 1.00 1.00
CysCs 3.9 8.5 1.5 1.1 1.5
C5Cs 5.6 5.7 2.2 2.3 2.0
CoCs 7.6 4.0 2.9 4.7 2.5

2The last three columns should be proportional to
{[D(B) for C,,Csl/DE}.

bThe theoretical value for C4Cs is corrected for 55%
ionization.
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The static susceptibilities* C,K are also given in
Table III. The static susceptibility should be just
the Pauli susceptibility and would therefore be pro-
portional to D(E), if one neglects diamagnetic cor-
rections.

It should be noted, however, that numerical val-
ues for D(E) for the compounds, calculated from
Eg. (11), are larger than those inferred from the
measured values of 7y and the known density of
states in pure graphite. 2

“Localized” versus “nonlocalized” electvons. The
agreement, on the cesium-concentration dependence
of the values of 7, in the compounds, between the
above models is purely accidental. The suscepti-
bility data of Rudorff and Schulze* show that ¥ is
not merely an algebraic average between paramag-
netic “filled” layers and diamagnetic graphite lay-
ers. These data and the carbon-carbon bond-length
expansion data of Nixon and Parry® provide a clear
choice in favor of a nonlocalized electron model.
Thus, the treatment based on an extension to the
Slonczewski-Weiss model would be the more suit-

able one.
3. Tempevature Dependence of C*® T,

It is not possible at this time to account for the
observed temperature dependence in either the
compounds or pure graphite. It is difficult to
imagine how experimental artifacts such as rf heat-
ing or cesium-introduced paramagnetic impurities
could produce the flattening of the curves at the
lower temperatures, since these mechanisms would
be greatly different or even absent in pure graphite.
Yet it is clear from Fig. 2 that the same tempera-
ture dependence, to within experimental uncertainty,
is obtained for T; in each sample.

In addition, there is no experimental evidence
that sample temperatures varied from those of the
bath. The equilibrium magnetization was found to
be inversely proportional to (bath) temperature for
a C4Cs sample. Small effects of multiple-pulse rf
heating could be observed, but only after tens of
90° pulses — a situation alien to the normal experi-
mental program.

Finally, it should be observed that the data ap-
proximately follow a metallic 7; « 7"! dependence
between 2 and 4.2 °K.

4. Meditations

It is fairly evident that none of the ordinary elec-
tron-nucleus or nucleus-nucleus interactions are
adequate to explain the relaxation of the C!* spin
system. Perhaps some more complicated or unique
mechanism(s) is responsible. For example, the
possibility that both C'* and Cs!®® relaxations are
due to coupling to the same, unidentified, fluctuating
internal magnetic field may be considered.

G.P. CARVER 2

Generally, a nuclear relaxation rate W may be
expressed as

w=1/T;=[(a|e®|8) 2T (wa)
where 3¢ (#) is the Hamiltonian describing a time-
dependent coupling between initial and final spin
states and J (w,,) is the usual spectral density func-
tion. If the coupling to the nuclear spins is due to
a fluctuating magnetic field H,,, one has
1/Tl OCY?: Hioc J (waB)
Assuming a constant J (w,g), the ratio of 7,(C*®)
to T,(Cs) would be
Ty(C*®)/ Ty (Cs™3) = (y 4 138/y 13812 =0. 27 . (14)
Experimentally, the ratio in C,,Cs at 1.3°K is

T, (C¥®)/ T, (Cs'*®)=6 min/27 min=0.22, (15)

(12)

(13)

and in C4Cs at 1.3°K is
T, (C¥)/T, (Cs"®) =9 min/48 min=0.18 . (16)

(The T, for C'® in CuCs was obtained by interpo-
lation in Fig.2.) The possibility of a common re-
laxation mechanism is certainly not excluded.

The ratio is quite different in C¢Cs, but it would
appear from other data that C¢Cs is distinct from
the other compounds in a number of other ways as
well (see Sec. VD).

B. C'3 Line Shapes

The carbon linewidths were given in Table I.
Many of the experimental features may be under-
stood on the basis of the carbon nuclear environ-
ments in the different compounds.

1. Puve Graphite T

The pure graphite linewidth at half-maximum was
obtained from the FID on the assumption that the
line shape is Lorentzian. For a polycrystalline
powder sample, the line shape is determined by the
anisotropic diamagnetism of graphite. The nature
of the effect is similar to that arising from an an-
isotropic Knight shift. An approximate calculation,
parallel to that for the anisotropic Knight shift,
gives a lineshape in reasonable agreement with the
measured value. %

2. Pure Graphite T,

The pure graphite dipolar linewidth, which was
determined from a spin-echo experiment, compares
favorably with an estimate for the dipolar broaden-
ing in a magnetically dilute system. (In pure graph-
ite, the 1.1% abundant C'® nuclei are the only nu-
clear dipoles. )

3. C® Line in C,Cs
The C*® line in C4Cs, inferred from the FID, was
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almost Gaussian. The broadening is due mostly to
the static cesium dipolar field. Gaussian line
shapes are expected in systems with the dipole con-
centration (now both C'® and Cs!® nuclei) greater
than 0. 1.

The echo T, in C4Cs is shorter (implying a
broader resonance line) than in the case of pure
graphite. It is likely that the broadening of the C*?
dipolar line in C4Cs over the dipolar line in pure
graphite is caused by mutual spin flips among the
cesium nuclei. Cesium-cesium spin flips would
create a varying field at the C!® nuclear sites which
would limit the phase memory of the C!® nuclei,
i.e., put an upper limit on the C*® 7,. An estimate
of the period of this varying field, the cesium dipo-
lar T,, is not experimentally available because of
quadrupolar effects. (The metallic Cs'*® second
moment® is consistent with a value of T, of about
1 msec.)

4, C® Line in CgK

The much narrower line, inferred from the FID,
in C¢gK (compared to C4Cs) would be due to the
smaller potassium dipolar moment.

C. Cesium Quadrupole Line

The Cs'® nucleus has spinI=%. The positions
of the 2I lines, at maximum splitting, due to the
quadrupolar interaction are given by the relation

Hpomi=Ho+ (1/v,) (m=32)vg , (17)

where H,.,._ is the field position of the transition
between the m and m — 1 magnetic energy levels
and v is given by the relation

vo=(e?qQ/2mh) [3/21(2I-1)] . (18)

q is the principal component of the electric field
gradient and @ is the cesium quadrupolar moment.
From the spacing of the peaks identified in Fig. 5,

vo=16.811 kHz. (19)

D. Is C3Cs Unique?

A variety of experimental observations suggest
that C4Cs, the most cesium rich of the cesium-
graphite intercalation compounds, is unique elec-
tronically. "*%'*®* Two additional, though related,
observations are provided by this research:

(i) The T, of Cs!3® in C,Cs is about 8 sec
at 1.3 °K compared to 27 and 48 min in C,,Cs and
C4¢Cs, respectively.

(ii) The cesium Knight shift in C4Cs is 0. 29% ,
while in C,,Cs and C4,Cs it is immeasurably small
or zero.

These results imply that there remains some
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electronic density at the cesium nuclear sites in
CgCs, but only a negligible amount in C,,Cs and
C36Cs (and probably all cesium-poor stages). An
estimate of the degree of ionization, determined by
comparison of the Knight shift in CgCs tothe shift in
metallic cesium, gives about 55% ionization. (The
ratio of the Knight shifts is about . AH/H is propor-
tionaltothe square of the wave-function density at the
nucleus. The value for the degree of ionization
comes from the assumption that the wave-function
density at the Cs!® nucleus is a direct measure of
the electronic density at the cesium sites. )
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APPENDIX: DENSITY OF STATES ON A
TIGHT-BINDING EXTENSION TO SLONCZEWSKI-
WEISS BAND MODEL.

The energy spectrum of graphite is given by the
Slonczewski-Weiss model. The four bands are
given by

E=YE +Ey) £[}(E, - Es+vE P2 ,

B Mgy B[R BBy e, A

where

E,=A+2y, cosit, E,=A-2y, cos3é ,

Ey=2v, cos®3 &, o=3(3)ay |%| ,

K2=p24 12, E=coky -

a, and ¢, are the graphite lattice constants. The
other parameters are defined in Ref. 13.

The first equation in (A1) will generate all four
bands if £ is allowed to run from 27 to — 2.

The parameters y; and y, of the full model have
been neglected. v, is the trigonal warping of the
Fermi surface. Its exclusion preserves rotational
symmetry, simplifying the evaluation of D(E). v,
is the potential-energy difference between A and B
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lattice sites.
The density of states D (E) is given by

o (EME=[2V/(2n)] [F*®d’k , (A2)

where D (E) will be in (atom eV)-! if V is the atomic
volume 5 (V3 d§ cy). Therefore,

D(E) dE=[V3 af c,/2(2n)P] [F* %%k .  (A3)

A factor of 2 has been included because there are
two such volumes in each zone. Exploiting the cy-
lindrical symmetry,

J @k=21 [d% dk,=(47/3 a] c;) [d(P)az (A4)

and

1 d(o?)
D(E) =373 f dE

d(o?)/dE is obtained from Eq. (A1) and

dt (A5)

D(E)=(1/47" V8 +}) [ [2E - (E,+Ey)]dt . (A8)
The integral is performed in terms of £,
D(E)=(1/47"V3 +2) [ (2E - A)E + 4y, sin &

- vk - 7psing ]2 . (A7)

For a given E, £, and &, are the extreme values

of £ and may be determined from Eq. (A1). It will
be sufficient, and quite a bit simpler, to assume
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that all Fermi energies will be above the region of
band intermixing. In this regime, E > (2y,+A) and
the limits of £ are merely 27 and — 27, Then

o ((E)=C/VImE) [E-5(a+y)] . (A8)

McClure®® points out that 3 (A +v,) is the average
energy of the four bands at the vertical zone edge.
Equation (A8) resembles the result from the Wal-
lace!? two-dimensional density of states for the
same y, and average band energy.

Integrating » (E),

N= [D(E)dE=(0.368/73) [3E?- 3 (A+1,)E],
(A49)
or

E=3(a+v) 23] (A+7,)+ (8/4N/0. 368) I'/?
(A10)
N is the number of donor electrons per carbon

atom. The positive root is taken since adding elec-
trons increases E. Finally,

D(E) = (0. 368/72)[1(a+v,)>+ (2/2N/0.368) ] /2 .
(A11)

Inserting the most recent Slonczewski-Weiss
parameter measurements, 3! the result becomes

D(E)=0.274 N1 /2 (A12)

The inclusion of y, would leave the dependence on
E, and hence N, unchanged.
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An anomalous temperature dependence of the splitting between hyperfine lines for Mn?% in
SrF, has been observed at low temperatures. This behavior is explained in terms of high
electron spin polarization at low temperatures and the second-order hyperfine contribution.
1t is shown that for SrF,:Mn? the actual hyperfine coupling constant A is the same within ex-
perimental error at T=77, 4.2, and 1.3 K. In general this type of anomalous behavior
of the hyperfine splitting can be used to determine the absolute sign of A for a paramagnetic
ion with electronic spin S=1 when the fine-structure splitting is vanishing or very small.
For Mn? in SrF, the sign of A is determined to be negative.

I. INTRODUCTION

In conducting studies of the temperature depen-
dence of the hyperfine coupling constant A(T) of
S-state ions in cubic crystals, it is important to
make measurements of A(7) in the temperature re-
gion below 77 K for the following reasons: (i) The
“knee” of the curves predicted by present theories*®
generally falls in this region, and (ii) the presence
of local modes® may influence the low-temperature
behavior of A(T). Consequently, we intended to
measure A(T) of ®*Mn?* in the alkaline-earth flu-
orides for T=77 K, since no data have been reported
in this region. In the course of these investigations,
we discovered an anomalous increase in the appar-
ent magnitude of A as the temperature was lowered.
We report in this paper the results of our observa-

-tions and an explanation of this anomalous behavior.
At the same time, we demonstrate that these mea-
surements can be used to determine unambiguously
the absolute sign of the hyperfine coupling constant
of paramagnetic ions with effective spin $§21 when
the fine-structure splitting is zero or very small,

II. EXPERIMENTAL

A series of ESR investigations were performed
on a single crystal of SrF, containing nominally
0.5 wt% of Mn>* ions at 77, 4.2, and 1.3 K at 9.3

and 31.8 GHz. The two spectrometer systems em-
ployed were a modified X-band Varian spectrometer
and a modified K,~band Strand Labs spectrometer,
both of which were used in conjunction with a model
HR-8 Princeton Applied Research lock-in amplifier
and 1000-KHz field modulation.

The ESR spectra obtained from the crystal dis-
played six rather broad (~35 G between the two in-
flections of the first derivative curve) *Mn (I=%)
hyperfine component lines, which exhibited no re-
solved superhyperfine structure with the fluorine
nuclei. The linewidth of each hyperfine component
line and the splitting between hyperfine lines were
experimentally independent of the crystal orienta-
tion with respect to the magnetic field direction,

To investigate the temperature dependence of the
hyperfine coupling constant A of Mn?* in the crystal
at low temperatures, we measured the separation
(AH) between points of zero first derivative of the
two outermost (m=+2 and m = — %) hyperfine com-
ponent lines at 77, 4.2, and 1.3 K. Table I shows
the measured values of AH at the two indicated mi-
crowave frequencies forlow microwave power levels
so that the ESR lines were not saturated. It is seen
that AH substantially increases as the temperature
decreases and that it depends on the microwave fre-
quency.

Measurements of AH were made as a function of
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FIG. 6. Cs'™ FID,
slightly off resonance, at
full magnetization in (a)
CgCs, () CyyCs, and (c)
Cy;Cs at 1.3°K. The time
scale is 50 usec per large
division.



