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Evidence for local moment formation around a positive muon in graphite
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The local-electronic structure of the positive muon has been investigated in the semimetal graphite using
muon spin rotation/relaxation. Both the muon Knight shift and spin-relaxation rate in highly oriented pyrolytic
graphite are anomalously large compared to simple metals and both have an unusual temperature dependence.
These results indicate that a local moment forms around the muon due to the low carrier density. In contrast,
measurements on metallic LiC6 reveal a smaller muon Knight shift, which is opposite in sign~negative! and
almost temperature independent. We suggest this is due to the core polarization of a Mu2Li1 complex.
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I. INTRODUCTION

The electronic and magnetic properties of an isola
positively charged impurity in a degenerate electron gas h
been the subject of numerous theoretical studies becaus
their fundamental importance. Several independent te
niques, including cluster calculations,1,2 local-density calcu-
lations based on the Kohn-Sham formalism,3–6 and jellium
model calculations,7,8 have revealed the existence of a do
bly occupied bound state for a wide range of metallic den
ties starting with r s.1.9 a.u. The theoretically predicte
bound state is very shallow, the deepest being forr s

'4 a.u. In principle, one could test such theories experim
tally by carrying out nuclear magnetic resonance~NMR! on
isolated hydrogen in conductors with different carrier co
centrations. However, it is not always possible to disso
hydrogen into a given conductor. Furthermore, the conc
tration of hydrogen needed for NMR (1019 cm23) is, in gen-
eral, too high to guarantee isolation from other hydrog
atoms and/or residual impurities.

Alternatively, one can deduce information on isolated h
drogen using the technique of muon spin rotation (mSR), in
which the positive muon is implanted into the material
interest. The muon (m1) is an elementary particle, which i
closely related to the electron from a particle physics poin
view, since like the electron it has no discernible structu
However, the electronic structure around the positive mu
in a solid is virtually identical to that of hydrogen, becau
the muon mass, although only~1/9!th that of a proton, is still
much more than that of the electron. For example, the
duced electron mass for a muonium atom (m1e2) in
vacuum is almost equal to that of a hydrogen atom. Mu
typically occupy interstitial lattice sites and are studied in
infinitely dilute limit—one muon in the sample at a tim
Also because of the short muon lifetime, 2.2ms, they are
typically isolated from residual impurities in the sample. F
0163-1829/2002/66~15!/155107~8!/$20.00 66 1551
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these reasons muon implantation is an excellent way to si
late the behavior of an isolated hydrogenic impurity.

These aspects of the muon have been used extensive
semiconductors, where the muon and its associated para
netic centers provide indirect information on isolated hyd
gen, which itself is a difficult impurity to isolate and stud
with conventional methods.9 In intrinsic semiconductors
muonium centers exhibit hyperfine interactions between
unpaired electron and the muon spin, which can be use
characterize the local electronic structure. In fact almost
the information on isolated hydrogen in semiconduct
comes indirectly through work on muonium. Studies confi
that the electronic structure of muonium is virtualy identic
to that of isolated hydrogen in the few cases where b
muonium and hydrogen can be studied. On the other ha
the dynamics for the muon can be very different from hyd
gen due to the much lighter mass of the muon.

It is not as easy to obtain equivalent information on mu
nium in conductive materials where the unpaired elect
spin, bound to the muon, interacts strongly with the cond
tion electrons. In fact it can be difficult to even verify that
local electronic moment exists in a metallic environme
This is because the largestatic hyperfine fields which typify
muonium in nonconductors are generally absent in cond
tors. Instead the strong exchange interaction between
bound electron on the muon and electrons in the conduc
band is expected to mask any obvious signature of muoni
Nevertheless the presence of such a moment should pro
detectable residual effects. For example, if a paramagn
muoniumlike state exists in a simple metal, it should beha
as a Kondo impurity10–12 and will have a characteristic
temperature-dependent local spin susceptibility. In this c
the muon Knight shift should be very large and temperat
independent below the Kondo temperature (TK), where the
moment is effectively screened by the conduction electro
At higher temperatures where the screening cloud is sha
off, the Knight shift should fall as 1/(T1TK). It is interest-
ing to note that in the strong-coupling limit of the Kond
©2002 The American Physical Society07-1
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model, a muoniumlike state would bind a second electron
the spin singlet state analogous to the Mu2 ion13 ~see below!.
This may be related to the ground state predicted fr
density-functional theory for a single positive charge in
electron gas.4,5 In addition to a large Knight shift, one migh
also expect the muon induced bound state in a metal to
hibit an unusually large muon spin relaxation~Korringa re-
laxation! due to the large hyperfine interaction between
muon and the quasibound electron. This acts to amplify
muon spin flip scattering with electrons at the Fer
surface.14

Empirically, the carrier density andlocation of the muon
in the lattice are important factors in determining the beh
ior of a local moment around the muon in a conductor.15 For
example, in metallic alkali-metal doped fullerides, a vacuu
like muonium atom (m1e2) is stable on the inside of the C60

cage. This is evidenced by the characteristic field-depen
spin-relaxation rate of muonium undergoing rapid spin
change with conduction electrons at the Fermi surface.16 The
interaction of this local moment with the conduction ele
trons is very weak, likely due to the low electron dens
inside the C60 cage. In other words, the Kondo temperature
negligibly small and no appreciable screening of the mom
is seen. On the other hand, muons on the outside of the60

cage do not show any evidence for a local moment. It se
likely that a spin singlet state such as Mu2 is formed for this
muon site~s!. Such a state may be considered a Kondo
purity, but in the strong-coupling limit where the electron
moment is heavily screened. Recently, paramagnetic m
nium has also been identified17 in heavily dopedn-type Si
with a carrier concentration in the range;1019 cm23. The
magnitude and temperature dependence of the local spin
ceptibility are clear signatures of the same bond-cente
muonium seen in intrinsic Si. Furthermore, the simple Cu
like local susceptibility indicates that the Kondo temperat
in very small and thus one is in the weak-coupling limit. It
interesting to note that the muon-electron hyperfine inter
tion in a heavily dopedn-type material is reduced compare
to the same center in intrinsic Si, implying that the electro
structure depends on the carrier concentrations. A signal
no appreciable frequency shift was also observed in this
periment, which is attributed to the Mu2 ion at the tetrahe-
dral interstitial site. Theoretically this is the predicted sta
charge state for muonium/hydrogen inn-type silicon. One
can interpret the results on doped C60 and n-type silicon as
follows: Depending on the muon site, the Kondo coupli
constant shifts between the two extremes—very weak
very strong. More specifically for muons at the center of
C60 cage or muons at the center of the Si-Si bond, one i
the weak-coupling limit and thus the full moment is se
down to very low temperatures. This can be understood fr
a local structural point of view, since it may be energetica
unfavorable for the muonium atom to bind a second elect
due to the strong on-site Coulomb repulsion. One the o
hand, if the muon is at a site where the on-site Coulo
repulsion is not too strong, then muonium can bind a sec
electron ~e.g., Mu2) which is a spin singlet. Under thes
circumstances the moment is screened until the singlet s
15510
in

x-

e
e
i

-

-

nt
-

-

s
nt

s

-

o-

us-
d
-
e

c-

c
th
x-

e

to
e
in

m

n
er
b
d

te

is ionized. This would correspond to the strong-coupli
limit of the Kondo model.13

In normal metals, where the electron density is mu
higher (1022 cm23), no clear evidence of a moment on th
muon can be found.15 For example, in silver the muon
Knight shift is small, positive (194 ppm), and temperatur
independent, such as the Pauli spin susceptibility. In a c
ventional picture the screening cloud of conduction electr
reduces the muon Coulomb potential to the extent that
bound state is formed.18 At lower densities the muon ma
form a spin singlet~e.g., something like the Mu2 ion in
which the muon might bind two electrons in a 1s-like orbit!.5

In the Kondo picture one is in the strong-coupling limit. Th
observed Knight shift is then attributed to a small overlap
the polarized conduction-electron states at the Fermi sur
with the muon. However, this bound state is in the cond
tion band and therefore should be regarded as a broadreso-
nance. Also note that despite the short screening radii
metals~typically ,122 Å), an extra electron attached t
this shallow bound state is screened by the long-wavelen
electrons from the bottom of the conduction band. Beca
of this, the predicted shallow state is rather extend
(;10 Å) and broadened even further by the collisions w
itinerant electrons. This ill-defined nature of the bound st
and an overlap of the screening cloud with the neighbor
ions make the task of direct experimental identification
this state difficult or impossible.15 Another possibility is that
the covalent bonding electronic structures~i.e., Mu-metal!
similar to the observed hydrogen induced VHx and PdHx
states19–21 may also exist in metals.

Semimetals lie in an intermediate region between a do
semiconductor, where localized bound states of the m
clearly exist, and good metals, where no such moments
apparent. Although semimetals have a carrier concentra
typical of a heavily doped semiconductor, at low tempe
tures they have a well-defined Fermi surface. For example
low temperatures they exhibit de Haas–van Alphen~dHvA!
oscillations in the magnetic susceptibility from Landau lev
crossing the Fermi surface. On the other hand, at relativ
moderate temperatures~above 50 K! they cannot be consid
ered a degenerate electron gas sincekBT becomes compa
rable to the small Fermi energy. Indeed in the semime
antimony the muon Knight shift is anomalously large at lo
temperatures22 and has a temperature dependence which
lows qualitatively what one expects for a simple Kondo im
purity up until about 100 K.23 On the other hand, one need
to mention that the muon behavior in semimetals is far fr
being understood; for example, themSR measurements o
semimetallic Bi and As produced no unusually large Knig
shift.24 This clearly indicates that the density of carrie
alone cannot account for the mechanism of bound-state
mation, and furthermSR measurements on semimetals a
certainly required.

Graphite is another interesting semimetal and the fo
of the present study. It is highly two-dimensional, has
small free-carrier concentration equal tonc5331018 cm23

and a correspondingly narrow conduction-band wid
(;0.023 eV). One can anticipate that the muon is sign
cantly underscreened in such a material compared t
7-2
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EVIDENCE FOR LOCAL MOMENT FORMATION AROUND . . . PHYSICAL REVIEW B66, 155107 ~2002!
simple metal, since the mean distance between carrie
very large (2r s;81 a.u.). For example, the Thomas-Fer
wave vectorko in graphite is only 0.34 Å21, which is sev-
eral times smaller than in normal metals. Graphite also
historic significance since it was the first material on wh
muon spin rotation was performed to confirm parity violati
in weak interactions.25 However, very little work has been
done on it since that time. It is known that the Knight shift
room temperature is unusually large.26 There has also been
recent study27 of the spin-relaxation state at high temper
tures, which we discuss later. Additional scientific motivati
for understanding the behavior of hydrogen in graphite
that related compounds are used as a negative electro
lithium batteries. For example, it has been reported28,29 that
there is a strong correlation between lithium capacity and
content of hydrogen in graphitic compounds.

In this paper, we present detailed measurements of
muon Knight shift and spin-relaxation rate in highly orient
pyrolytic graphite~HOPG! over a wide range of tempera
tures. Both the Knight shift and spin-relaxation rate a
anomalously large compared to what one would expect fr
the small Pauli susceptibility. Furthermore, there is a la
isotropic component to the Knight shift. These results
strong evidence for the existence of a local electronic m
ment on or near the muon. Surprisingly, the Knight sh
increaseswith temperature up to about 500 K, which ind
cates there is a significant transfer of spin density to
muon at elevated temperatures.

In addition, we have performedmSR measurements o
stage-1 lithium intercalated graphite. In this metallic co
pound the Knight shift is much smaller and opposite in s
~negative!, indicating that the local electronic structure f
the muon is dramatically different than in pure graphite. W
suggest that the much higher Fermi energy favors the for
tion of a diamagnetic Mu2 state.

II. EXPERIMENTAL

All measurements have been performed on the M20
M15 beam lines at TRIUMF, which provide a beam of nea
100% spin polarized positive surface muons with a me
momentum of 28 MeV/c. The spin polarization was rotate
perpendicular to the axis of the superconducting solen
and muon beam direction. The samples were cut from h
purity HOPG with thecW axis aligned to better than 2°. A
single piece or five pieces were used, depending on whe
the field was applied in parallel or perpendicular to the
eragecW direction, respectively. The magnitude of the appli
magnetic field was chosen to be 1.45 T in order to attain
most accurate Knight shift. Although the frequency sh
scales with the magnetic field, the amplitude of themSR
signal decreases at higher fields when the period of the
mor precession frequency becomes comparable to the tim
resolution of the detectors.

In order to make precise Knight-shift measurements,
developed amSR technique which allows us to collect th
data on a sample and a reference simultaneously.30 Figure 1
shows a schematic of the apparatus used for frequency m
surements below RT. The helium flow cryostat has be
15510
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omitted for the purpose of clarity. The collimated muo
beam passes through a thin plastic scintillator~M! before
entering the cryostat. The crucial element of our setup is
second thin muon counter (Ms) in the sample space of th
cryostat. Light from the edges of theMs counter is reflected
down the axis of a hollow light guide~covered with silver-
ized mylar! and out the back end of the cryostat to a pho
multiplier ~not shown!. The Ms scintillator is tightly sand-
wiched between the sample on the downstream and
reference just upstream. The reference is an annular dis
high-purity silver foil ~99.99%! with a 1-cm-diameter hole a
the center. About half of the incoming muons stop in t
reference without triggeringMs , while half pass through the
hole, trigger theMs counter, and then stop in the samp
This allows us to distinguish muons stopping in the sam
from those stopping in the reference.

Such a detector arrangement has several advantages.
importantly, it allows us to collectmSR spectra on the refer
ence and the sample simultaneously, thus eliminating m
of the systematic effects~e.g., drift in an external magneti
field, thermal contraction, instabilities in electronics, chang
in the beam properties, etc.!. Second, the sample spectra a
exceptionally clean and have no detectable signal from
reference or elsewhere. This eliminates other errors du
the variations in the background to foreground ratio wh
can influence the frequency measurement. Note that in g
eral, the background and foreground signals are very clos
frequency and are thus not easily distinguished. The stat
cal accuracy on individual frequencies is about 2 ppm a
about an hour of data collection (;107 events) and the sys
tematic error on the frequency shift is estimated to be
about the same level.

A similar geometry was used for measurements ab
room temperature. However in this case, the second m
counter and silver mask were placed just outside the o
and 20 mm in front of the sample. This was necessary si
it is not possible to use a plastic scintillator at high tempe
tures.

III. GRAPHITE RESULTS

Figure 2 shows the temperature dependence of the m
sured Knight shift with respect to the silver reference m

FIG. 1. Schematic of the apparatus for precise measuring of
mSR spectra simultaneously.
7-3
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J. A. CHAKHALIAN et al. PHYSICAL REVIEW B 66, 155107 ~2002!
sured with the magnetic field parallel and perpendicular
thecW axis of HOPG. The magnitude of the Knight shift in th
sample without correcting for bulk magnetization is defin
according to the following formula:

Ks5~Bs2H !/H, ~1!

whereBs is the total magnetic field at the muon site in t
sample andH is the external applied field. Subtracting th
known Knight shift of the reference (Kr) from both sides,
one obtains the Knight shift in the sample in terms of t
measured or known quantities:

Ks2Kr5~Bs2Br !/H ~2!

5~ f s2 f r !/gmH ~3!

>~ f s2 f r !/ f r , ~4!

where f s5gmBs is the observed muon precession frequen
in the sample,f r is the muon precession frequency in t
reference,Kr is the known Knight shift in the reference~94
ppm!, and where we approximategmH by f r .

Several corrections to this formula are needed. First
external field at the reference and sample positions are
identical. This shift was determined to be about 7 ppm
mounting a second piece of silver at the sample posit
Also, we are interested in the induced frequency shift due
the hyperfine interaction with the electrons (Bhf), whereas
the total magneticBs field in Eq. ~1! has other contributing
terms originating from the bulk magnetization of th
sample:31

Bs5H1Bhf1Bdem1BL1Bdip , ~5!

whereH is the applied magnetic field,Bdem is the demagne-
tization field,BL is the Lorentz field, andBdip is the dipolar
field from moments within the fictitious Lorentz sphere su
rounding the muon.Bdem andBL are the macroscopic contr
butions to the magnetic field and can be evaluated as
lows:

Bdem52NM, BL5
4p

3
M , M5xH, ~6!

FIG. 2. Temperature dependence of the magnetic dc suscep
ity of HOPG in an applied magnetic field of 1.45 T measured w
H parallel and perpendicular to thec axis of graphite.
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whereN is the geometry-dependent demagnetization fac
M is the bulk magnetization, andx is the total magnetic
susceptibility of the sample. The dipolar field (Bdip) can be
evaluated numerically as a sum of( ibi(rWm2rW i) over the
individual carbon atoms inside a Lorentz sphere of a su
ciently large radius. This term is opposite in sign to the s
of Bdem and BL and is quite sensitive to the muon site. F
example, if one assumes that the muon adopts an interp
equilibrium position, then the overall correction is just a fe
ppm forK i and almost zero forK' . On the other hand, if the
muon was located at a C-H bond length32 (;1.19 Å) from a
carbon atom, there is a substantial correction forK i but al-
most none forK' ~see Fig. 2!. We suspect that the latter i
most likely since the difference betweenK i and K' has a
temperature dependence close to that of the bulk magn
susceptibility of graphite. In this case the Knight shift
almost isotropic and has a temperature dependence clo
that of K' .

A few remarks about the Knight shift data in Fig. 2 are
order. First, the magnitude is anomalously large compare
normal metals considering the small Pauli spin susceptib
in graphite 0.01631026 emu/g. For example, in a simpl
metal like Ag the ratio between the Pauli spin susceptibi
and the muon Knight shift (194 ppm) is about 270 times
smaller than what is observed in graphite. The para
Knight shift at 300 K is close to that of a previous measu
ment on a graphite single crystal26 if the larger correction is
made assuming a C-H bond length~about 250 ppm at RT!.
Second, the Knight shift has at most a small anisotro
(K i /K''2), in contrast with the bulk magnetic susceptib
ity wherex i /x''49 ~see Fig. 3!. Also, the absolute value o
the Knight shift steadily increases with temperature~for T
,500 K), whereas the magnitude of the magnetic susce
bility x i decreases with rising temperature~see Figs. 2 and
3!. These observations establish that the local electro
structure around the muon has a much different magn
response than the conduction electrons of graphite. In
ticular, the local spin susceptibility at the muon is orders
magnitude larger and far more isotropic than expected fr
just electrons at the Fermi surface. Lastly, the frequency s
displays an unusual temperature dependence since itrises
steadily with temperature above from about 20 K up to 5

il- FIG. 3. Shift in muon precession frequency in HOPG relative
Ag as a function of temperature in an applied magnetic field of 1
T.
7-4



h

a
tro
or
th
no
ti
ra

ra
p
to
n

e
o

-

e

x
th
a

on
the
nd

in-

for

ion
ion

nt
rate
,
ug-
-
ate
s-

d
ig

ec

he
eri-
ange

ax-
The
rst

EVIDENCE FOR LOCAL MOMENT FORMATION AROUND . . . PHYSICAL REVIEW B66, 155107 ~2002!
K. Note there is a slight upturn inK i below 20 K, which we
attribute to the influence from the dHvA oscillations, whic
we discuss below.

This behavior of the Knight shift in graphite is in
marked contrast to that seen in conventional free-elec
metals whereKm is temperature independent and prop
tional to the Pauli spin susceptibility. On the other hand,
observed increase in the Knight shift with temperature is
predicted for a simple Kondo impurity where spin suscep
bility is temperature independent below the Kondo tempe
ture and falls like 1/(T1TK) aboveTK . Thus although there
is good evidence for local moment formation, the tempe
ture dependence suggests that the behavior is more com
than expected from a simple Kondo impurity. In order
elucidate the origin of the unusual temperature depende
of the Knight shift we may calculate the isotropic (K iso) and
the dipolar (Kdip) contributions as follows:

K iso5
1

3
~K i12K'!, Kdip5

1

3
~K i2K'!. ~7!

The linear part of the isotropic Knight shift was fit to th
following phenomenological approximation of the Kond
model, which is valid forT!TK andmBH!kBT:33

K iso~T!5JoS 1

2pTK
20.433

T2

TK
3 D , ~8!

In order to fit the steady rise ofK iso with temperature, the
Kondo coupling constantJo is allowed to vary with tempera
ture as b(11aT). The fit gives scaling parametersb
53.0860(4), a50.0032(4) K21 and a Kondo temperatur
TK of 1852~40! K ~see Fig. 4!. Additional evidence for the
temperature-dependent couplingJo(T) comes from 1/T1 ~see
below!.

The Korringa-like spin-relaxation rate34 with the conduc-
tion electrons is also anomalous. Normally Korringa rela
ation of muon polarization is too slow to be detectable on
mSR time scale. However, if there is a local moment

FIG. 4. Temperature dependence of the isotropicK iso and axial
or dipolarKdip parts of the muon Knight shift in graphite. The fille
circles and triangles represent the corrected value of the Kn
shift assuming that a muon is at the C-H bond distance from
carbon atom. The open circles and triangles represent the corr
Knight shift assuming thatm1 is in the interplane position.
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indicated by the large Knight shift, the muon spin relaxati
should be enhanced by the indirect coupling between
muon spin and conduction electrons through the bou
electron.14 This is confirmed by the appreciable muon-sp
relaxation rate at 896 K~see Fig. 5!. While 1/T1 is close to
the detection limit at 295 K~see Fig. 6!, it increases steadily
at higher temperatures in a nonlinear fashion. Recall that
nuclei in a normal metal, the magnitude of 1/T1 is predicted
to rise linearly with temperature. The observed relaxat
rate rises faster than that predicted from Korringa relaxat
~see filled circles in Fig. 6!. This breakdown of the Korringa
law is attributed to a number of factors, the most importa
of which is the crossover from degenerate to nondegene
electron behavior askBT exceeds about 100 K. In addition
the fact that the Knight shift increases with temperature s
gests that the coupling constantJ(T) increases with tempera
ture as was indicated by the Knight shift. One can estim
1/T1 in the first Born approximation without the usual a
sumption of degenerate statistics:

ht
a
ted

FIG. 5. Temperature dependence of the isotropicK iso part of the
Knight shift in graphite. A solid line is the best fit to Eq.~8!; the
parameters extracted from the fit are given in the main text. T
limited dataset between 35 K and 485 K is used to fit the exp
mental data, which corresponds to the applicable temperature r
T!TK for the model.

FIG. 6. LF-mSR spectra observed in graphite atT5295 K and
T5896 K. The solid line represents the fit to the exponential rel
ation function. The high-temperature data show faster damping.
data are analyzed with a fixed asymmetry and within the fi
6 msecs to avoid a problem with longer time distortions.
7-5
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l[1/T15Jo
2~T!E g2~E! f ~E,T!@12 f ~E,T!#dE, ~9!

where Jo(T) is proportional to the coupling constant b
tween the muon and conduction electrons,g(E) is the phe-
nomenological density of states for graphite, andf (E,T) is
the Fermi-Dirac distribution with a Fermi energy~chemical
potential! fixed at 23 meV. The density of states is estima
as35

g~E!54~0.092/go
2!uE20.5~g21D!1constu, ~10!

where go , g2, and D ~all in eV! are from band-structure
theory.36,37 Equation ~9! predicts a nonlinear behavior o
1/T1 at high temperature as observed. This can be unders
as follows: Recall that the linear behavior in normal met
arises from the fact that only the electrons withkBT of the
Fermi surface participate in the scattering due to Pauli blo
ing. However at high temperatures in graphite there are
new effects. First, a large fraction of the electrons are alre
involved in the scattering due to the crossover into non
generate statistics. This weakens the temperature de
dence. On the other hand, the density of states is stro
energy dependent near the Fermi energy as can be seen
Eq. ~10!. This causes an increase in the overall number
free carriers available for scattering and a stronger than
ear behavior inT. In graphite these two opposing effec
compete. The fit of Eq.~9! to a single temperature
independent parameterJo50.1080(6) is shown as a dashe
line in Fig. 6. The same model with a temperature-depend
coupling constantJo(T)5Jo(11aT) @Jo51.4125(4) and
a50.0032(4) K21, wherea is the same constant used to
K iso] reproduces the experimental data rather well~see solid
line in Fig. 6!.

IV. DISCUSSION ON THE GRAPHITE RESULTS

The results in Fig. 7 show that the isotropic part of t
Knight shift dominates and grows with temperature wher
the dipolar part is much smaller and almost temperature
dependent. Given the evidence for a local moment we ad
a local picture of the center similar to what is used to d
scribe muonium in semiconductors. Then the isotropic p
of the Knight shift arises from a contact interaction with as
hydrogenlike orbital centered on the muon, whereas the
polar part is attributed to spin density localized on t
nearest-neighbor carbon~s!.

It should be noted that for muonium substituted free ra
cal or bond-centered muonium in covalent semiconduc
@such as GaAs~Ref. 38!#, the vast majority of the spin den
sity rests on the neighboring atoms. Thus while the dipo
part of the Knight shift in graphite is much less than t
isotropic part, it is possible that most of the magnetic m
ment is not on the muon but rests on the neighboring car
atoms. It is interesting to compare this with recent theoret
calculations for muonium interacting with a single graphe
plane ~see Fig. 8!. These calculations predict that th
hydrogen/muonium atom bonds to one carbon, with the m
jority of the spin density on the six neighboring carbons.
course this is a crude approximation to graphite since
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muonium would be sandwiched between two graphene
ers. Nevertheless, it is likely that a similar structure exists
graphite.

Consider the temperature dependence ofK iso, which in-
creasesbetween 20 K and 500 K. This is difficult to unde
stand, given that the magnetic susceptibility of any local m
ment should decrease with temperature. We suggest tha
increase inK iso and 1/T1 is due to a small temperature in
duced change in the electronic structure. For example,
contact interaction may increase with temperature as
C-Mu bond length increases. This can be understood sinc
the limit where the C-Mu bond is broken, the contact int
action on the muon can increase to that of free muoniu
Around 500 K the predicted 1/(T1TK) decrease for a Kondo
impurity behavior takes over andK iso gradually decreases.

As mentioned previouslyK i displays a slight upturn a
low temperatures below 20 K. In order to determine the o
gin of this we measured the bulk magnetic susceptibility i
superconducting quantum interference dervice magnetom
on the same sample of HOPG. The magnetic-field scan
taken at 3 K~see Fig. 9! show very pronounced dHvA oscil
lations caused by the periodic change in the density of st

FIG. 7. Temperature dependence of the relaxation rate 1T1

measured at the applied longitudinal field of 90 G in pure graph
above RT. The solid and dashed lines represent our estimates
difference between our data~solid circles! and the 1/T1 result re-
ported in Ref. 27~empty circles! is not fully understood. One pos
sible difference is in the analysis procedure. In our case the as
metry of the muon signal has been fixed at all temperatures s
the relaxation depends only on the productAml.

FIG. 8. Molecular-orbital simulation~Ref. 27! on a single sheet
of graphite reveals the existence of a loosely bound radical fo
hydrogen atom. Note that the spin density is not on a single car
but rather distributed among nearby carbon atoms.
7-6
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at the Fermi energy brought about by the changing ene
spacing between Landau levels. To understand the pos
influence of this on the temperature dependence of
Knight shift, we measured the bulk susceptibility as a fun
tion of temperature for several applied fields shown as
inset of Fig. 9. As we expected, the low-temperature beh
ior of the bulk susceptibility depends strongly on the ma
netic field. At 1.45 T, where ourmSR measurements ar
performed, the susceptibility shows an upturn at low te
peratures whereas at 2.6 T it turns down. This is most lik
the explanation for the low-temperature feature seen inK i
~see Fig. 2!. Note that the effect is less noticeable forK' .
This confirms our hypothesis that the observed freque
shift for a field parallel to thec axis is strongly influenced by
the bulk magnetic susceptibility.

V. LITHIUM INTERCALATED GRAPHITE

For comparison additionalmSR measurements were als
taken on the lithium intercalated compound LiC6, which,
unlike graphite, is a good metal. LiC6 belongs to a class o
materials in which Li ions form an ordered lattice in betwe
the graphite sheets. Angle-resolved photoemission resu39

show that the Li intercalant is fully ionized with one electro
per Li atom transferred to the graphite layers, which lead
the highly increased metallicity. Lithium intercalated com
pounds are extremely unstable in air and require special
dling. In our case the sample of LiC6 was sealed in a sma
Al vessel equipped with a thin (50mm) Kapton window to
allow muons to enter the sample.

The muon Knight shift was measured in an external m
netic field of 1.45 T applied along thecW axis ~see Fig. 10!.
Note that the magnitude of the Knight is about2100 ppm
and temperature independent. This is typical for simple m
als where the Knight shift tracks the Pauli sp
susceptibility.40 As one might expect, the increased carr
concentration from Li appears to destroy~or completely
screen out! the local moment seen in pure graphite. The m

FIG. 9. Oscillations of the magnetic susceptibility in pyrolyt
graphite forHic and T52.4 K. A magnitude of the applied mag
netic field used for the muon Knight-shift measurements is in
cated by an arrow. The inset shows the low-temperature part o
magnetic susceptibility in single-crystal graphite withHic taken in
a magnetic field of 1.45 T and 2.6 T. The apparent change in
shape of the curves follows the de Haas–van Alphen oscillatio
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unusual feature in LiC6 is the sign of the Knight shift~nega-
tive! implying that the spin density at the muon site is pola
ized opposite to the conduction electrons. This suggests
the muon is not in direct contact with the conduction ele
trons. One possibility is that the increased Fermi level fav
the formation of a Mu2 ion, which should bond to the Li1.
We know that the electronic band created by Li141 lies above
the Fermi level throughout the whole Brillouin zone and
therefore unoccupied. However a local level created
MuLi1 may be below the Fermi surface and leads to a n
tral Mu2Li1 complex. A similar mechanism has bee
proposed to explain a hydrogen complex formation
MC8 (M5K, Rb, and Sc! alkali-metal intercalation
compounds.42 Such a complex may explain the negati
Knight shift. For example, the external field polarizes t
conduction electrons which are located primarily in the c
bon plane. If there is little direct spin density on the Mu
compound, then core polarization of the molecular orbit
for Mu2Li1 could lead to a net negative frequency shi
Note that similar core-polarization effects lead to a negat
contact interaction for bond-centered muonium in silicon.43

In order to investigate the stability of the muon in LiC6
we have also performed themSR measurements in zero a

FIG. 11. Zero-field spin-relaxation rate as a function of tempe
ture in LiC6. At temperatures above 120 K the muon starts hop
and motional narrowing occurs.

i-
he

e
.

FIG. 10. Temperature dependence of the muon Knight shif
LiC6. For comparison, the same quantity measured in HOPG
represented by the open circles.
7-7



o
th
a
lo
r
o

ex
im
ov
r

ur
on

hi
ro
ar
e

ned
pic
ac-
en-
he
on,
the
e
pled
iC
The
lar-

y

to
ni-
art-

J. A. CHAKHALIAN et al. PHYSICAL REVIEW B 66, 155107 ~2002!
plied field~ZF!. Figure 11 shows the temperature variation
the muon depolarization rate in ZF, which depends on
strength of the nuclear dipolar interaction with the Li nucle
spins. As seen, the relaxation rate is almost constant be
100 K and then gradually decreases at higher temperatu
The reduction at higher temperatures is attributed to m
tional narrowing, as the muon hops from one site to the n
These results imply that the muon is stationary on the t
scale of a few microseconds below 100 K but begins to m
rapidly at higher temperatures. This is a lower limit on whe
isolated hydrogen will begin to move in LiC6.

VI. CONCLUSION

In summary, we have studied the local electronic struct
for muons implanted in HOPG by means of the mu
Knight-shift measurements from 3 K to 900 K.There is an
unusually large and temperature-dependent Knight s
which indicates the formation of a local moment. The isot
pic part of the Knight shift is much larger than the dipol
part and rises with temperature. We have interpreted th
results in terms of a local model, where the spin density
s.

tt,

.
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predominantly on the neighboring carbons and scree
heavily at low temperatures. The increase in the isotro
part of the Knight shift, which measures the contact inter
tion, is in contrast to the conventional temperature dep
dence for a simple Kondo impurity and indicates that t
local structure changes slightly with temperature. In additi
the muon-spin-relaxation rate is large and deviates from
Korringa relation for normal metals. This is likely due to th
strong energy dependence in the density of states cou
with the small Fermi energy. Similar measurements on L6
produced a small, temperature-independent Knight shift.
observed negative frequency shift is attributed to core po
ization of the Li1Mu2 compound.
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