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A proton NMR study was carried out on a second-stage potassium-hydrogen-graphite intercala-
tion compound, CzgKH, (x=0.55), in a powder form within the temperature range 1.5-77 K. An
inhomogeneously broadened NMR signal (around 40 kHz in full width at half maximum) was ob-
served, but the intrinsic linewidth of the spin isochromat, about 3.6 kHz, was determined from the
spin-echo envelope. The shape of the echo envelope was explained by assuming a regular two-
dimensional structure of dissociated hydride ions. The inhomogeneous broadening may possibly be
ascribed to localized electron spins of the order of 100 ppm. The spin-lattice relaxation mechanisms
were divided into two contributions, the metallic process and the process due to localized electron
spins. Analysis of the metallic relaxation component revealed the existence of a small local density
of states at the Fermi level at hydrogen sites, N (Ey)y=0.014 states per eV per spin per hydrogen
atom. The hydrogen atomic plane was revealed to be weakly metallic. A possible electronic struc-

ture is discussed.

I. INTRODUCTION

It has been known that gaseous hydrogen is adsorbed
in the first-stage graphite-potassium intercalation com-
pound, CgK, at room temperature.””? This occlusion of
hydrogen brings about the change of staging, and gives a
new  second-stage ternary compound, CygKH,
(0.15x £0.67).>* The intercalant in CgKH, was re-
vealed to have a sandwich structure of triple atomic
planes, K-H-K, along the ¢ axis,”~’ in which the hydro-
gen atomic plane is negatively charged due to the strong
electron affinity of hydrogen,®~!* whereas the potassium
atomic planes are positively charged. A problem oc-
curred about the chemical species of hydrogen since Co-
nard et al. reported that they could not observe the pro-
ton NMR signal of CgKH, (x=2).% They tried to ex-

plain the absence of a proton signal by assuming that the
gaseous hydrogen adsorbed in the intercalant layer was
not dissociated into H™ ions but became H,™ species,
and that the proton signal was smeared out due to the
strong hyperfine field of the magnetic H,™ ion. It was
also known, however, that the H-D exchange reaction
was catalyzed by CzK,'* which proved that molecular hy-
drogen was once dissociated and recombined in some
stages of the adsorption-desorption cycle. A neutron
scattering study was carried out by Trewern et al., 1516
and a possible in-plane structure of hydrogen was pro-
posed, which consisted of a wunit cell having a
(2% V3)R(0°,30°) rectangular superlattice with respect
to the unit translational vectors of hexagonal graphite.
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However, it was still in question whether H™ or H,™ was
the constituent unit. The first motive of the present work
is thus to clarify the chemical species and the in-plane or-
der of hydrogen in CgKH,.

The electronic properties of this compound have been
extensively studied by Enoki and his colleagues from ex-
periments by ESR,”!® positron annihilation,!! specific
heat,'? and the Schubnikov—de Haas effect.!? It has been
pointed out'>!* that C;KH, has an intermediate elec-
tronic character between the transition-metal hydrides,
which are regarded as alloys, and the alkaline hydrides,
which are ionic insulators. Schematically speaking, the
electric conduction is mainly ascribed to the metallic
graphite layers separated by the insulating K*-H -K*
ionic intercalants. The ls-like band originating from hy-
drogen was assumed to lie well below the Fermi level, and
have a localized electronic character. However, there has
been no clear evidence that the hydrogen layer is really
insulating. We therefore tried to extract information on
the electronic properties of this hydrogen layer by the
NMR technique, and show a possible electronic structure
of CgKHj ss.

This paper analyzes the NMR line shape, and shows
that hydrogen dissociated into monatomic ions forms a
two-dimensional rigid lattice. It is also suggested that a
small amount of localized electron spins is present. The
spin-lattice relaxation data show that there is a small but
nonzero amount of carrier density at the hydrogen nu-
cleus. A plausible electronic structure of CgKH, is pro-
posed.
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II. EXPERIMENT

The sample of CgK was prepared from Grafoil GTA
(Union Carbide Co.) and potassium metal because it was
known that hydrogen absorption took place homogene-
ously in Grafoil-based CgK, but inhomogeneously in a
sample based on well-oriented graphite.!” After Grafoil
was ground into 36-mesh powder and potassium was vac-
uum distilled three times, they were sealed in a glass tube
under vacuum. The reaction was carried out at 260°C
for a week, following the procedure described by Nixon
and Parry.'® Hydrogen gas purified by passing through a
Pd-Ag thimble heated to 450 °C was then introduced into
the CgK at room temperature. The amount of adsorbed
hydrogen was measured in situ from the change in hydro-
gen pressure. The final amount, x =0.55, was achieved
after a week. The sample, weighing 0.2 g, was then
sealed in a Pyrex tube with the hydrogen gas at 93 kPa.

A pulsed NMR apparatus was constructed for this ex-
periment. The radio frequency from an HP-3335A oscil-
lator was modulated by a homemade transistor-
transistor-logic pulse programmer, and amplified by Ma-
tec 515A/525 power amplifiers. The highest Larmor fre-
quency in this study was 55 MHz, which was limited by
the capability of a Varian V-7300 electromagnet. A
Clark-McNeil type matching network!® was used. The
receiver consisted of Matec 254 and 625 amplifiers and a
R&K PS-2C wideband phase shifter. The receiver system
was totally broadbanded. The signal was recorded by us-
ing a transient recorder, Kawasaki M-500T, and a signal
averager, TMC-400. The recovery time was 4 us at 55
MHz, and 8-10 us at 20 and 7 MHz. The pulse se-
quence, 90° comb-7,-90°-7,-180°-7;-, was used. The spin
echo envelope was observed by varying 7,, and the spin-
lattice relaxation rate was measured by changing 7.

A copper-shielded sample cavity was set in a stainless
steel cryostat. Temperature control was achieved in the
temperature range between 4.2 and 77 K by means of a
continuous-liquid helium-flow system equipped with a
small vacuum pump and a proportional controller. The
temperature was controlled to well within 1 K
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FIG. 1. Proton spin echo of CgKH, 55 observed at 4.2 K and
20 MHz. The pulse sequence, 90° comb-7,-90°-7,-180°-7;-, was
applied with 7,=225 s, 7,=80 us, and 7;=100 ms. The echo
was accumulated eight times. The origin of time on the figure is
the time of onset of the central 90° pulse.
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throughout the experiment. A calibrated germanium
resistor (Lake Shore Cryogenics, Inc.) and thermocouples
of Au+0.07 at. % Fe versus Chromel (Osaka Sanso Ko-
gyo Ltd.) were used to measure the temperature below
and above 4.2 K, respectively.

III. RESULTS AND DISCUSSION
A. General features of the NMR line

Proton NMR signals were detected in free decays and
spin echoes. Figure 1 shows the spin echo observed at 4.2
K. As is seen from Fig. 1, the apparent phase memory
time (73 ) was ca. 8 us, but the spin echo was found to
have a long envelope when measured by varying 7,. The
envelope of the echo height measured at 4.2 K is plotted
in Fig. 2. Although precise measurement of the echo
height was difficult in the short 7, region (7, <20 us) be-
cause of the overlap between the free decay and its echo
induction, the line shape was found to be close to
Lorentzian in the long-7, region. If the characteristic de-
cay time of the spin echo envelope is represented by T3,
the T was estimated to be 90 us, and the Lorentzian fit
with T3 =90 us (Av=1/7T3 =3.6 kHz) is drawn in Fig.
2. The fact that T} is greater by an order of magnitude
than T3 indicates that the apparent NMR linewidth (ca.
40 kHz) is determined by an inhomogeneous broadening
brought into the proton spin system from an external sys-
tem, and that the intrinsic time-domain spectrum of the
spin isochromat is obtained in the echo envelope.

Neither T3 nor T exhibited appreciable temperature
dependence below 40 K, showing that neither inhomo-
geneous nor homogeneous broadening is affected by
motional narrowing. Hydrogen species are not liquidlike
but are fixed around their lattice points below 40 K.
Quantitative analysis of line shape was difficult above 40
K because of poor signal-to-noise ratio.

We now consider why the proton NMR signal is so
weak. One of the possible explanations for this
phenomenon may be the existence of molecular hydro-

gen. The ground state of molecular hydrogen is the

T T 7117
1 1 11

0.1

Illlllll
1 lllllll

0.01 1 | 1 1 | 1 1
0 100 200 300
2T, (us)

FIG. 2. Proton spin echo envelope observed at 4.2 K and 20
MHz. The echo envelope is normalized to Lorentzian with
T3=90 us.
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spin-singlet state (parahydrogen) which does not give a
NMR transition. So, the signal intensity is reduced ac-
cording to the ratio of these species. If it is the case, the
characteristic dipolar doublet structure will be generated
by the ortho species at low temperatures where internal
motion of the molecule is frozen. Another noticeable
feature of this case is that the signal intensity will change
gradually after the temperature is stepped up or down,
and the equiliburium intensity will exhibit unusual tem-
perature dependence, with the weaker signal in the lower
temperature, because the ortho-para conversion rate is
expected to be in an observable order of magnitude.?%?!
In our experiment, however, neither time evolution nor
anomalous temperature dependence of the signal intensi-
ty was detected in addition to the absence of the charac-
teristic doublet structure. So, it will be natural to con-
clude that the adsorbed hydrogen molecules are dissociat-
ed into monatomic species and are fixed at the lattice
points within the intercalant layer. The fact that neither
motional narrowing of the line nor motional contribution
to T{ ! were detected is an additional support to this con-
clusion. The weakness of the proton signal must there-
fore be attributed to some other origin.

Another possible explanatior for the weakness of the
proton signal is associated with the observed inhomo-
geneous broadening of the line. In order to elucidate
such inhomogeneous broadening in our experiment and
also the absence of a proton signal in Conard’s experi-
ment,® we now think about the lattice structure of hydro-
gen in CgKH, . Although there is no conclusive picture
for hydrogen structure in CgKH,, a possible model was
proposed by Trewern et al.'> This model [Fig. 3(a)] as-
sumes that the potassium atoms are arranged in a
(2XX2)R(0°) hexagonal in-plane superlattice with respect
to the unit translational vectors, a; and bg, of hexagonal
graphite (a;=2.46 A), and the two potassium lattices
constituting the unit of K-H-K sandwich intercalant are
shifted from each other by one unit length (a;) along the
a axis of graphite. The two potassium atomic planes pro-
vide tetrahedral voids for hydrogen. According to
Trewern et al., half of the tetrahedral voids are filled
with hydrogen, and the (2 X V'3)R(0°,30°) rectangular su-
perlattice is formed. Since we know that hydrogen mole-
cules are dissociated into monatomic anions, this struc-
ture leads to a hydrogen content, x =0.5. A question
about this structure may be why the hydride ions do not
form a hexagonal closest-packing structure. An alterna-
tive model is therefore proposed here, which is the
(2X2)R(0°) hexagonal structure of hydride ions sketched
in Fig. 3(b). In this model (b), hydrogen content is the
same as (a). Because hydride ions form a two-
dimensional hexagonal closest-packing structure, this will
be the most fundamental structure as a starting model for
the ionic intercalants. The shortest H—H distance is
4.26 A in the rectangular lattice model, and 4.92 A in the
hexagonal lattice model. When adsorbed hydrogen
exceeds x =0.5, the hydride ions additionally occupy the
tetrahedral interstitials which do not accommodate hy-
dride ions at lower hydrogen concentrations (x <0.5) in
either of the lattice models. Around these excess hydride
ions, the shortest H—H distance becomes 2.46 A, which
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is considerably less than 4.16 A, the diameter of a H™
ion.?? So, the introduction of a larger amount of hydro-
gen than x =0.5 will distort the local lattice, and some
kinds of defect structure will be generated around this ex-
cess hydrogen. One of the possible situations happening
to the excess hydrogen may be deviation from the two-
dimensional structure, where adjacent hydride ions are
shifted up and down from each other. Another possibili-
ty may be formation of some other chemical species:
paramagnetic species, H,~ or atomic hydrogen, are
among the candidates of such species. This will be one of
the reasons why it is difficult to intercalate large excess of
hydrogen atoms, and also why the proton NMR results
are so strongly dependent on samples. If paramagnetic
species are present, the proton signal is inhomogeneously
broadened, and part of the signal is wiped out due to the
strong local field generated by the Curie spin. This will
be the reason why the NMR signal is so broad and weak
in our specimen and why the signal totally escaped from
observation in Conard’s case. Quantitative analysis will
be given in Sec. III C. _
Recently a large rectangular superlattice, 2V'3 X 5, was
reported by Guerard et al.,? for a compound CgKH,

FIG. 3. Structural models of second stage CgKH,s. The
stacking order along the c¢ axis is -C(A4)-C(B)-K(0)-H-K(®)-
C(B)-C( 4)-. The honeycomb network represents the hexagonal
C(B) graphite lattice. The three structural models correspond
respectively to (a), (2XV'3)R(0°,30%); (b), (2X2)R(0°); and (c),
(2VV3X5)R(0°,30°) in-plane superlattice models of hydrogen
structure.
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prepared through direct intercalation of potassium hy-
dride into oriented graphite. Very recent experiment on
neutron scattering®* also supported this structure. Con-
sidering that the hydrogen content (x =0.8) is much
greater than the limiting value (x=0.67) prepared
through hydrogen chemisorption, the structure of this
compound may be different from ours. The proposed
structure itself is very interesting. By applying the
2V/3x 5 superlattice suggested by Kamitakahara,?* a ten-
tative model of CzgKH, 5 is shown in Fig. 3(c), in which
the hydrogen lattice has 1 vacancies and the shortest
H—H distance is 4.10 A. According to this model, hy-
drogen atoms exceeding x =0.5 will be able to be accom-
modated in the vacancies to x =0.6, and introduction of
more hydrogen will require additional sites in the intersti-
tials of the hydrogen lattice, so that the excess hydrogen
atoms will have the shortest H—H distance of 2.96 A
from the surrounding hydrogen atoms.

B. Line-broadening due to nuclear dipolar interactions

We now calculate the NMR line shape in a more quan-
titative manner. The decay time of the spin-echo en-
velope, T, is generally described as the sum of the two
terms,

Ty =T 4T, (1)

where T ! and T; ! are the spin-lattice and the spin-spin
relaxation rates, respectively. But one can rewrite Eq. (1)
as

Ty l=T71, (2)

because T3 !>>T ! is always satisfied throughout the
experiment. The overwhelming contribution to 75! is
the magnetic dipole-dipole interaction among the proton
spins. The contributions from the other magnetic nuclei
are neglected. The effect of conduction electrons on the
line broadening is also neglected because the carrier den-
sity is very small in the hydrogen atomic plane, as will be
proved in Sec. III D. So the time-domain spectrum is cal-
culated on the basis of dipole-dipole interactions among

the protons arranged in the crystal. Although the hydro-
gen content is 0.55 in the present specimen, the local
structure around the excess (0.05) hydrogen is difficult to
be treated quantitatively in the three structure models
shown in Fig. 3 because of possible distortion of the lat-
tice. Therefore, it suffices to calculate the NMR line
shapes in the case of x =0.5 for simplicity, and compare
them with the experiment.

The spin echo envelope, G(t), can be calculated by the
progression?>2¢

(Aa)2n>t2n

o n=0,1,2,... (3)

G(t)=3 (—1)

n

where (Aw®") is the 2nth moment of the line, which is
calculated by taking the lattice sum of dipole-dipole in-
teractions among the protons. Because all the protons
are crystallographically equivalent in either of the two
models (a) and (b) of Fig. 3, the lattice sum is taken from
the proton located at the origin to the proton located at
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r,, where h and k are two-dimensianal lattice indices
along a and b axes, respectively. The second moment is
then given by Van Vleck’s formula,?’

(A®) =3y T +1) S, 3 riblp,(cosby )], 4)
hok
where p,(x)=1( 3x2—1) is the Legendre polynomial of
rank two, and 8,, is the angle between the vector r,; and
the external magnetic field. Let us first consider the case
of an oriented crystal which has the well-defined c¢ axis,
but is polycrystalline within the ab plane. In this case,
the dipole sum is averaged out within the ab plane and
gives the equations

(A®)=Af(6)) 3 S ric®, (5)
h k

A=3yi I +1), (6)

f(6)= (27 cos*0,— 30 cos?6,+11) . @)

These equations predict that the NMR line becomes nar-
rowest when the c axis of the crystal is tilted by 6,=41.8°
from the external magnetic field, where the second mo-
ment takes a value about | times as small as that ob-
tained at 6,=90°. The radial factor (3, 3, rz°) is cal-
culated to be 0.121as ° and 0.0996a ¢ for the rectangular
and hexagonal CgKH| s, respectively.

Although Eq. (3) gives the rigorous calculation of G(1),
the Gaussian approximation will be a reasonable
simplification in the present case, where the in-plane sym-
metries are high and the number of interacting spins are
large. The 6,-dependent echo envelope, G(8,?), is thus
represented by

GO, t)=exp(—LAf(0,) S 3 rixtt?), (8)
h k

and the powder pattern of the envelope, G, (1), is given by
averaging Eq. (8) with respect to 6, i.e.,

Gpu):%fo” exp [—1A4f(0,) S S rixbt? ] sinfpd 6, .
h k

9)

The G, (1) are calculated for the rectangular and hexago-
nal superlattice models, and are represented in Fig. 4 to-
gether with the experimental data at 4.2 K. Since the
precise value of G,(0) cannot be known from the experi-
ment, the experimental data are normalized to the calcu-
lated curves at t(=27,)=60 us. It is seen that either of
the two models can reproduce the data fairly well. Fig-
ure 4 shows that the hexagonal (2 X2)R (0°) lattice model
is a little more satisfactory than the rectangular
(2XV'3)R(0°,30°) lattice model. This is consistent with
the recent report of a transmission-electron-microscopy
experiment on the second stage CygKH,.” However, our
NMR study is not enough to finally decide the hydrogen
structure, taking into account the approximation that the
hydrogen concentration is assumed to be x =0.5 whereas
the actual concentration is x =0.55, and the experimen-
tal limitation that only the powder pattern was obtained.
Anyway, it is concluded that the experimental echo en-
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FIG. 4. Comparison of the experimental spin echo enve-
lope with the calculated spectra. The solid and the dashed
lines are the calculated G,(f) based on (2X2)R(0°) and
(2X V'3)R(0°,30°) lattice models, respectively. The dash-dotted
line represents the result of the (2V'3X5)R(0°,30°) lattice mod-
el.

velope can be explained by the two-dimensional static
structure of hydrogen atoms. _

The calculated envelope assuming the (2V'3
X 5)R (0% 30°) superlattice is also shown in Fig. 4. Agree-
ment with the experimental data is less satisfactory.

C. Inhomogeneous broadening
due to localized electron spins

We now discuss the inhomogeneous broadening ob-
served in free precessions and spin echoes. As the origin
of this broadening is not clearly understood yet, we make
here a tentative estimate of the effect of localized electron
spins associated with the defect structure of the hydrogen
lattice. In our models of the hydrogen lattice shown in
Fig. 3, hydrogen atoms exceeding x =0.5 are accommo-
dated in interstitials of the regular hydrogen lattices ac-
companied by local distortion of the lattices. It is as-
sumed that some of these excess hydrogen atoms become
paramagnetic centers, and generate inhomogeneous
linewidths in the NMR lines, depending on the distances
between the center and the hydrogen nuclei. The inho-
mogeneously broadened time-domain spectrum is calcu-
lated by the equation

1 ™ r —
Ip(t)z—f S Sexp (14 f(0)F 3 raghuct?
2N Yo < % hok
X sin6yd 6, , (10)

and
A'=4ylyHS(S+1) . (11

Here, r;;, is the distance between the electronic (.S) and
the nuclear (I) spins when they are located at the lattice
points, r,, and r,, respectively. N is the number of in-
teracting nuclear spins taken into lattice sum. In Eq.
(10), the powder average and similar approximations are
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adopted as in the previous section. Although the electron
spins may be expected to be randomly distributed in the
crystal, we assumed for simplicity that they are distribut-
ed regularly, making a superlattice with respect to the
hydrogen (2XxV'3)R(0°30°) lattice, and the results are
shown in Fig. 5 for various concentrations. Figure 5
shows that the concentration of S spin is 200-300 ppm
relative to the I spins in our specimen. The disagreement
that the observed peak at ¢t =0 is rounded in comparison
with the calculated curves is due to the experimental lim-
itation that the rf pulses have nonzero widths.

The concentrations of S spin estimated from the inho-
mogeneous broadening suggests 0.2-0.3 % of the excess
hydrogen atoms contribute to the localized electron
spins. It will be natural to assume that a small number of
molecular anions, H,™, or atomic hydrogen species are
generated, since the interionic distances are very short
around the excess hydride ions as mentioned in Sec.
III A, and electrons are a little too dilute to make hydride
ions with a complete valence of —1 (see next section).
One can also note from Fig. 5 that it will be difficult to
observe the NMR signal if the S spin concentration
amounts to ca. 1000 ppm, because in such a case T be-
comes close to the width of the 90° pulse. It may have
been the case in the experiment by Conard et al.® be-
cause the hydrogen content was reported to be x =% in
their experiment, which means that their sample con-
tained three times as much excess hydrogen as our sam-
ple. On the contrary, the inhomogeneous broadening will

Ip(t)

0.5
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FIG. 5. Comparison of the experimental spin echo with the
calculated spectra. The upper trace is the latter half of the ex-
perimental spin echo observed at 4.2 K: The lower traces show
the calculated inhomogeneous broadenings, I,(¢), for various
concentrations of S spins.
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be negligible if the S /I ratio is of the order of 10 ppm or
less. In fact, we were recently informed that a fairly
homogeneous NMR line was observed in CgKH, by
Nomura et al.?® Their specimen was prepared by reac-
tion between hydrogen gas and HOPG based CgK at high
temperature (240 °C). It is of interest to note the
difference in host material [Grafoil and highly oriented
pyrolytic graphite (HOPG)] and the difference in reaction
conditions (room temperature and high temperature) be-
tween our specimen and that of Nomura et al.

On the other hand, another completely different ex-
planation may be possible for the inhomogeneous
broadening of our sample because the existence of extrin-
sic magnetic impurity was suggested by Kobayashi in his
recent measurement of static susceptibility of Grafoil.”’
It is said that a small amount of iron can possibly be in-
corporated during the manufacturing process of Grafoil.
According to Kobayashi, the concentration was estimat-
ed to be 200 ppm relative to the number of carbon atoms
from the low-temperature data of the susceptibility. If
this estimate is correct, this extrinsic impurity can also be
the origin of the inhomogeneous broadening. Therefore
it seems difficult to decide, from our experiments only,
whether the broadening is due to paramagnetic centers
generated on the hydrogen lattice or due to extrinsic im-
purities. However, let us now be reminded of some other
experimental results. Conard et al. could not observe the
proton signal in CgKH, ,; prepared from powder graph-
ite, which is expected to be free from extrinsic magnetic
impurities.® According to the recent report by Guerard
et al.,”® the proton signal was hardly detectable in
potassium-hydrogen-graphite intercalation compounds,
whereas clear signals were detected in sodium-hydrogen-
graphite compounds prepared from the common material
of oriented graphite. These experimental facts support
the picture that the observed inhomogeneous broadening
comes from the intrinsic nature of the hydrogen species
in CGGKH,. In this section we presented a possible ex-
planation for this broadening, but it is to be noted that
the nature of this broadening is not fully understood yet.

D. Metallic contribution to spin-lattice relaxation

The spin-lattice relaxation behavior at 4.2 K is shown
in Fig. 6. A nearly exponential relaxation was observed
within experimental error throughout our experiment.
We saw in the previous section that the NMR line is in-
homogeneously broadened up to ca. 40 kHz, but this ex-
ponential spin-lattice relaxation proves that the spin
diffusion is effective among the nuclei which are subject
to different local magnetic fields. So, the spin-
temperature concept is valid in this compound, and the
well-defined T[! was determined from the experiment.
Figure 7 represents the entire data set of T;!. T !is di-
vided into two contributions according to their tempera-
ture dependences: the term which is proportional to tem-
perature, and the term independent of temperature. The
former, T}, is attributable to a metallic mechanism, and
the latter, T'j; 1. is due to localized electron spins, i.e.,

T =T +T3" . (12)
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FIG. 6. The z-axis magnetization (M,) recovery observed at
4.2 K and 55 MHz.

Both terms are insensitive to the NMR frequency. The
best fit to the 55-MHz data revealed that (T, T)!
=2.9%10"*s"'K~'and T{;'=9.0x107%s~!. We now
center attention upon the metallic term first.

The hydrogen atomic plane has been assumed to be in-
sulating according to the existing band picture of
C;KH,,'? in which the energy band associated with the
hydrogen 1s level is completely filled because of the
strong electron affinity of hydrogen. However, our obser-
vation that the metallic term contributes to proton relax-
ation reveals the existence of charge carriers at the hy-
drogen site which are generated on a partially filled band.
This metallic electronic state of hydrogen was also re-
ported in a very recent paper by Nomura ef al.?® A
question is what the nature of this partiaily filled band is.
The metallic nature of hydrogen in crystal has been
known in transition-metal hydrides, e.g., VH, (Ref. 30)
and TiH,,>' in which the hydrogen 1s atomic orbital is
hybridized with part of the d orbitals originating from
transition metals, and forms a partially filled band.
Therefore, due to their electronic character, these com-

50 T T T T
[CgkHg 551

40 4

@ 55MHz

10 & 20MHz |
¢ 7 MHz
1 1 1 1
0 20 40 60 80 100

T (K)

FIG. 7. Temperature and frequency dependences of spin-
lattice relaxation rates. The experimental data, @, OJ, and O,
stand for 7, 20, and 55 MHz, respectively. The solid line
represents the best-fit linear function for the 55-MHz data.
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pounds are described as metal-hydrogen alloys, and the
proton spin-lattice relaxation is divided into pure Fermi
contact, core-polarization, and orbital contributions. In
the present compound, however, the only band which can
possibly be mixed with the hydrogen ls orbital is the
band originating from the potassium 4s orbital, because
the carbon atoms are segregated from hydrogen due to
the sandwich stacking, K-H-K, of the intercalant atomic
planes. We can therefore assume that the electronic wave
function which affects the proton relaxation is essentially
of s character, and treat the spin-lattice relaxation in the

context of pure contact interaction. The T, is
represented by>?
T =4rkgT# [y, #ByNy(Ep)]*, (13)

where B, is the intensity of the hyperfine field at the nu-
cleus, and Ny (E) is the local electronic density of states
at the hydrogen site per unit energy per one direction of
electron spin per atom of hydrogen. The hyperfine field
is calculated by the equation,

Bm=ﬁ'31yeﬁ< | 94(0) 2D, (14)

Here, ¢, (r) is the Bloch function of the s-like conduction
electron, and (| ,(0)|*)g_ is the expectation value of

| #,(r) | 2 populated on the Fermi surface at the position
of a proton. By applying the experimental value of
(T,,T)"' to Eq. (13), one obtains y,%ByNy(Eg)
=1.33x10"? states per spin per hydrogen atom. Be-
cause our goal in this treatment is to obtain the value of
Ny(Ep), the intensity of the hyperfine field must be cal-
culated from the nature of the hydrogen wave function.
Although it is difficult to solve this problem from the
NMR experiment only, a recent experiment on ther-
moelectric power’® gave us a clue to the solution: A
small hole band was shown to coexist with a large elec-
tron band on the Fermi surfaces of C,KH, and
CgKH,.* Tt is surely concluded that the large electron
band has the character mainly of the antibonding 7*
band of graphite. The additional small hole band is attri-
butable to the almost filled 1s band of hydrogen, in which
electrons are a little too dilute to form a completely filled
1s? (i.e., H™) configuration. The experiment on ther-
moelectric power showed the character of the carrier,
whereas the NMR experiment found that the carrier den-
sity was populated at the site of hydrogen nucleus.
Smallness of the cross section on the Fermi surface of this
hole band*? (two orders of magnitude smaller than that of
the electron band) is consistent with the smallness of the
metallic relaxation component in our experiment. The
value of (T,,, T)~! in this compound is one or two orders
of magnitude smaller than that of transition-metal hy-
drides.’®*3! The observed Korringa term is therefore con-
cluded to come from a hole in the almost filled 1s band of
hydrogen, and mixing of the 4s and 1s bands can be
neglected. One of the simplest approximations for this
hydrogen wave function is the Slater-type 1s orbital,

172
Z,r

3

3
mag

P(r)= , (15)

exp
ap
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where a is the Bohr radius, and Z, is the effective nu-
clear charge screened by the other electron. By taking
the screening constant o =0.3125 for the Is?
configuration from the numerical table of Clementi
et al.,* | (0)|?=6.98x 10 cm~3 is obtained. If the
quantity { | ¢,(0)]?) Ep in Eq. (14) is now replaced by

| $(0) | %, the local density of states at the hydrogen site is
estimated to be Ny(Er)=0.014 states eV~ per spin per
hydrogen atom. The approximations in this treatment is
that we employed the 1s wave function in free space in-
stead of the periodic Bloch functions in addition to the
fact that Slater orbital is in itself an approximate func-
tion.

Enoki et al.'? obtained the total density of states
N(E) from the low-temperature specific heat measure-
ments in CgKH, with several different hydrogen con-
tents, and showed that N (E) decreases almost linearly
as hydrogen content increases. Interpolation of the
N (Eg)-versus-x relation at x =0.55 gives the estimation
that N (E)=0.11 states eV~ per spin per carbon atom.
The ratio of the local density of states at the hydrogen
site to the total density of states is now calculated to be
Ny(Eg)/N(Ep)=0.009 for CgKHgss. This finding
means that the charge carriers on hydrogen sites play a
minor role in the transport phenomena of this compound,
and that the overwhelming majority of the carriers are
associated with the graphite 7* band and possibly with
the potassium 4s band.

Taking into account these experimental results and
analyses, we can illustrate in Fig. 8 a schematic picture of
the electronic structure of CgKH, ss. Figure 8(a) shows
N (E) of C4K, which is a typical donor-type graphite in-

N(E)

1 1 .
Eq(©) E(CgK)

N(E)

! 3
Ep( CgKHo.55)

FIG. 8. Schematic illustrations of the electronic density of
states of (a) CzK and (b) CzkKH ss.
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tercalation compound. The amount of charge transfer
from the potassium 4s band to the graphite 7* band is 0.6
according to a self-consistent calculation by Ohno
et al.*®> When hydrogen is introduced into C4K [Fig.
8(b)], the center of gravity of the 1s band is located below
the Fermi level of C4K since the strong electron affinity
of hydrogen induces charge transfer from CgK to hydro-
gen. The NMR experimental result showing the ex-
istence of small concentration of carriers on the hydrogen
site gives evidence that the top of the band associated
with the hydrogen 1s level reaches the Fermi level and
generates a small vacancy in this band.

E. Relaxation due to localized electron spins

The relaxation component relatively independent of
temperature is attributable to diffusion of nuclear spin ex-
citation to localized electron spins. If the nuclear spin
diffusion coefficient is represented by D, T'j;! is given by?®

T;'=47NbD , (16)
and
2
a
D= , 17
30T, an

where a is the internuclear distance between the neigh-
boring nuclei. The quantity N is the number of electron
spins per unit volume, and b is the so-called pseudopoten-
tial radius’® of the individual electron spin represented by
1/4

A
34° T : (18)

10D 14 wir?

b= LS
4V2[T(3)P

where 7, is the spin-lattice relaxation time of the electron
spin, and w, is the Larmor frequency of a proton. If 7, is
dominated by the direct phonon process, 7, ' is expected
to be small compared with w,, and is proportional to tem-
perature and the square of w,.2® This leads to a predic-
tion that T;;! is independent of wy, and is proportional to
T'/%, which coincides with the experimental observation
that T ;' is almost independent of frequency and temper-
ature. By applying the experimental values of T;;! and
T ! and the S spin concentration obtained in Sec. III D,
one can conclude from Egs. (16)-(18) that 7, is of the or-
der of 100 ms, which is a reasonable value for the direct
process.

IV. SUMMARY

A broad proton NMR line was observed in a
potassium-hydrogen-graphite ternary intercalation com-
pound, CgKHj ss. The intrinsic linewidth of the spin
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packet was, however, observed in spin echo envelope, and
was explained by assuming regular two-dimensional ar-
rangements of hydride ions. It was shown that the inho-
mogeneous broadening is possibly attributable to local-
ized electron spins which are expected to be generated at
defects associated with excess (x >0.5) hydrogen atoms.
The electron spin concentration was estimated to be
200-300 ppm relative to the number of protons. It was
suggested that the apparently inconsistent NMR results
obtained in several different laboratories are caused by
difference in concentrations of localized electron spins de-
pending on the character of the host graphite, the hydro-
gen content, and the conditions of preparation.

The spin-lattice relaxation rate was divided into two
terms: a metallic term and the term due to localized elec-
tron spins. Analysis of the metallic relaxation component
revealed the existence of a small concentration of charge
carriers on the hydrogen site. The local density of states
at the Fermi level at the hydrogen site was estimated to
be Ny(Er)=0.014 states eV ™! per spin per atom of hy-
drogen. This finding shows the weakly metallic nature of
hydrogen in a potassium-hydrogen-graphite ternary in-
tercalation compound, different from the strongly metal-
lic nature of hydrogen in transition-metal hydrides,
which are regarded as metal-hydrogen alloys. The origin
of this weak metallicity is explained by a model in which
the energy band associated with hydrogen 1s orbital is al-
most filled by electrons, but the top of the band reaches
the Fermi level, generating a small hole in the band.
Comparison of the local density of states at the site of hy-
drogen, Ny(E), with the total density of states derived
from electronic specific heat measurement shows that this
weak metallicity of hydrogen plays quite a minor part in
the carrier transport in CgKH, 55. The majority of the
carriers are associated with the graphite 7* band. This
picture is consistent with the recent experiment on ther-
moelectric power in which a small hole band was shown
to coexist with a large electron band.
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