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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 LiCeveal a smaller muon Knight shift, which is opposite in sigegative and
almost temperature independent. We suggest this is due to the core polarization oLa"Momplex.
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[. INTRODUCTION these reasons muon implantation is an excellent way to simu-
late the behavior of an isolated hydrogenic impurity.
These aspects of the muon have been used extensively in

T_he lele(r:]tronlfj _and r_nagnetljc propertlesl of an ISOI";‘:stemiconductors, where the muon and its associated paramag-
positively charged impurity In a degenerate electron gas haveic centers provide indirect information on isolated hydro-

begn the subject of_numerous theoretmal_studles because &f}n which itself is a difficult impurity to isolate and study
their fundamental importance. Several independent techyit, conventional methodd.In intrinsic semiconductors,
niques, including cluster calculatiof$ local-density calcu-  myonium centers exhibit hyperfine interactions between the
lations based on the Kohn-Sham formali¥fiand jellium  ynpaired electron and the muon spin, which can be used to
model calculations;® have revealed the existence of a dou-characterize the local electronic structure. In fact almost all
bly occupied bound state for a wide range of metallic densithe information on isolated hydrogen in semiconductors
ties starting withrg>1.9 a.u. The theoretically predicted comes indirectly through work on muonium. Studies confirm
bound state is very shallow, the deepest being fgr that the electronic structure of muonium is virtualy identical
~4 a.u. In principle, one could test such theories experimento that of isolated hydrogen in the few cases where both
tally by carrying out nuclear magnetic resonaiib®R) on ~ muonium and hydrogen can be studied. On the other hand,
isolated hydrogen in conductors with different carrier con-the dynamics for the muon can be very different from hydro-
centrations. However, it is not always possible to dissolveden due to the much lighter mass of the muon.

hydrogen into a given conductor. Furthermore, the concen- Itis not as easy to obtain equivalent information on muo-
tration of hydrogen needed for NMR ($ocm™3) is, in gen- ~ nium in conductive materials where the unpaired electron
eral, too high to guarantee isolation from other hydrogersPin. bound to the muon, interacts strongly with the conduc-
atoms and/or residual impurities. tion electrons. In fact it can be difficult to even verify that a

Alternatively, one can deduce information on isolated hy-!lc_’k?.al 'elgctronlc morrent et?ashts In f_a n}_etf';\dlhc ﬁﬂ‘ﬂrf“me”t-
drogen using the technique of muon spin rotatigBR), in Is is because the largatic hyperfine fields which typify

: " o : . muonium in nonconductors are generally absent in conduc-
which the positive muon is implanted into the material of : .
tors. Instead the strong exchange interaction between the

interest. The muon4™) is an elementary_ partlcle,_whlch 'S pound electron on the muon and electrons in the conduction
closely related to the electron from a particle physics point 0{-))and is expected to mask any obvious signature of muonium.
view, since like the electron it has no discernible structureyeyertheless the presence of such a moment should produce
However, the electronic structure around the positive MUoRyatectable residual effects. For example, if a paramagnetic
in a solid is virtually identical to that of hydrogen, becausemygnjumlike state exists in a simple metal, it should behave
the muon mass, although only/9)th that of a proton, is still 35 a Kondo impurity 12 and will have a characteristic
much more than that of the electron. For example, the retemperature-dependent local spin susceptibility. In this case
duced electron mass for a muonium atom“@”) in  the muon Knight shift should be very large and temperature
vacuum is almost equal to that of a hydrogen atom. Muonsndependent below the Kondo temperatufig), where the
typically occupy interstitial lattice sites and are studied in themoment is effectively screened by the conduction electrons.
infinitely dilute limit—one muon in the sample at a time. At higher temperatures where the screening cloud is shaken
Also because of the short muon lifetime, 248, they are off, the Knight shift should fall as 11(+ T). It is interest-
typically isolated from residual impurities in the sample. Foring to note that in the strong-coupling limit of the Kondo
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model, a muoniumlike state would bind a second electron ins ionized. This would correspond to the strong-coupling
the spin singlet state analogous to the Man'® (see below.  limit of the Kondo modef?®

This may be related to the ground state predicted from In normal metals, where the electron density is much
density-functional theory for a single positive charge in anhigher (13? cm™3), no clear evidence of a moment on the
electron ga$:® In addition to a large Knight shift, one might muon can be foun& For example, in silver the muon
also expect the muon induced bound state in a metal to eXknight shift is small, positive ¢ 94 ppm), and temperature
hibit an unusually large muon spin relaxati@orringa re-  independent, such as the Pauli spin susceptibility. In a con-
laxation due to the large hyperfine interaction between theventional picture the screening cloud of conduction electrons

muon and the quasibound electron. This acts to amplify théeduces the muon Coulomb potential to the extent that no
muon spin f||p Scattering with electrons at the Fermibound state Is forme{f.At lower densities the muon may

surfacet? form a spin singlet(e.g., something like the Muion in

in the lattice are important factors in determining the behay!" the Kondo picture one is in the strong-coupling limit. The
ior of a local moment around the muon in a condultdgror  oPserved Knight shift is then attributed to a small overlap of
example, in metallic alkali-metal doped fullerides, a vacuum-he polarized conduction-electron states at the Fermi surface

: . oy o with the muon. However, this bound state is in the conduc-
like ruonium atgm;@ e") is stable on thg ms@e of thegf> titon band and therefore should be regarded as a nesu
cage. This is evidenced by the characteristic field-depender

; ; . : : : nance Also note that despite the short screening radii in
spin-relaxation rate of muonium undergoing rapid spin ex-

. ) : metals (typically <1—2 A), an extra electron attached to
.change'wnh con.duct|on electrons a't the Fermi surfﬁd’ehe this shallow bound state is screened by the long-wavelength
interaction of this local moment with the conduction elec-

: : " electrons from the bottom of the conduction band. Because
trons is very weak, likely due to the low electron density ot this the predicted shallow state is rather extended
inside the o cage. In other words, the Kondo temperature is. 10 A) and broadened even further by the collisions with
negligibly small and no appreciable screening of the momen&ineram electrons. This ill-defined nature of the bound state
is seen. On the other hand, muons on the outside of ge Cand an overlap of the screening cloud with the neighboring
cage do not show any evidence for a local moment. It seemigns make the task of direct experimental identification of
likely that a spin singlet state such as Mis formed for this  this state difficult or impossibl&. Another possibility is that
muon sités). Such a state may be considered a Kondo im+the covalent bonding electronic structuré®., Mu-metal
purity, but in the strong-coupling limit where the electronic similar to the observed hydrogen induced YEnd PdH
moment is heavily screened. Recently, paramagnetic muastate$®?* may also exist in metals.

nium has also been identifidin heavily dopedn-type Si Semimetals lie in an intermediate region between a doped
with a carrier concentration in the rangel0'® cm 3. The  semiconductor, where localized bound states of the muon
magnitude and temperature dependence of the local spin sudearly exist, and good metals, where no such moments are
ceptibility are clear signatures of the same bond-centeredpparent. Although semimetals have a carrier concentration
muonium seen in intrinsic Si. Furthermore, the simple Curietypical of a heavily doped semiconductor, at low tempera-
like local susceptibility indicates that the Kondo temperaturetures they have a well-defined Fermi surface. For example, at
in very small and thus one is in the weak-coupling limit. It is low temperatures they exhibit de Haas—van Alpk@HvA)
interesting to note that the muon-electron hyperfine interacescillations in the magnetic susceptibility from Landau levels
tion in a heavily dopeah-type material is reduced compared crossing the Fermi surface. On the other hand, at relatively
to the same center in intrinsic Si, implying that the electronicmoderate temperaturéabove 50 K they cannot be consid-
structure depends on the carrier concentrations. A signal witbred a degenerate electron gas sikg&€ becomes compa-

no appreciable frequency shift was also observed in this ex-able to the small Fermi energy. Indeed in the semimetal
periment, which is attributed to the Muion at the tetrahe- antimony the muon Knight shift is anomalously large at low
dral interstitial site. Theoretically this is the predicted stabletemperaturé€ and has a temperature dependence which fol-
charge state for muonium/hydrogen rrtype silicon. One lows qualitatively what one expects for a simple Kondo im-
can interpret the results on dopeg,@nd n-type silicon as  purity up until about 100 ¥2 On the other hand, one needs
follows: Depending on the muon site, the Kondo couplingto mention that the muon behavior in semimetals is far from
constant shifts between the two extremes—very weak tdeing understood; for example, theSR measurements on
very strong. More specifically for muons at the center of thesemimetallic Bi and As produced no unusually large Knight
Ceo Cage or muons at the center of the Si-Si bond, one is ishift2* This clearly indicates that the density of carriers
the weak-coupling limit and thus the full moment is seenalone cannot account for the mechanism of bound-state for-
down to very low temperatures. This can be understood fronmation, and furthewSR measurements on semimetals are
a local structural point of view, since it may be energeticallycertainly required.

unfavorable for the muonium atom to bind a second electron Graphite is another interesting semimetal and the focus
due to the strong on-site Coulomb repulsion. One the otheof the present study. It is highly two-dimensional, has a
hand, if the muon is at a site where the on-site Coulomtsmall free-carrier concentration equalrig=3x 10'% cm™3
repulsion is not too strong, then muonium can bind a secondnd a correspondingly narrow conduction-band width
electron(e.g., Mu’) which is a spin singlet. Under these (~0.023 eV). One can anticipate that the muon is signifi-
circumstances the moment is screened until the singlet statantly underscreened in such a material compared to a
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simple metal, since the mean distance between carriers i =

very large (2,~81 a.u.). For example, the Thomas-Fermj "°°¢ M/oN CONTER . ("'")JHJ/S'LVER reTeREnes

wave vectork, in graphite is only 0.34 A%, which is sev- SAMPLE \1\

eral times smaller than in normal metals. Graphite also has HOLLOW LIGHTGUDE ’ | o RETEeTer

historic significance since it was the first material on which > \ 4 TH ALUMINIUM BEAM PIPE
=R COLLIMATOR

muon spin rotation was performed to confirm parity violation
in weak interactioné® However, very little work has been

done on it since that time. It is known that the Knight shift at
room temperature is unusually larffeThere has also been a

recent stud$/ of the spin-relaxation state at high tempera-
tures, which we discuss later. Additional scientific motivation
for understanding the behavior of hydrogen in graphite is

BEAM VACUUM

OUTSIDE
MUON COUNTER (M)

SILVER REFERENCE

MYLAR FOIL

BACKWARD

that related compounds are used as a negative electrode b POSITRON INSIDE MUON COUNTER  (My)

COUNTER LIEHTGUIDE

lithium batteries. For example, it has been repdftédthat
there is a strong correlation between lithium capacity and the FIG. 1. Schematic of the apparatus for precise measuring of two
content of hydrogen in graphitic compounds. SR spectra simultaneously.

In this paper, we present detailed measurements of the . .
muon Knight shift and spin-relaxation rate in highly oriented Omitted for the purpose of clarity. The collimated muon
pyrolytic graphite(HOPG over a wide range of tempera- beam_ passes through a thin _plastlc scintillagioh) beforg
tures. Both the Knight shift and spin-relaxation rate are€ntering the cryostat. The cruc!al element of our setup is the
anomalously large compared to what one would expect fron$econd thin muon counteM) in the sample space of the
the small Pauli susceptibility. Furthermore, there is a largeryostat. Light from the edges of ths counter is reflected
isotropic component to the Knight shift. These results aredown the axis of a hollow light guidécovered with silver-
strong evidence for the existence of a local electronic moizeéd mylaj and out the back end of the cryostat to a photo-
ment on or near the muon. Surprisingly, the Knight shiftmultiplier (not shown. The My scintillator is tightly sand-
increaseswith temperature up to about 500 K, which indi- Wiched between the sample on the downstream and the
cates there is a significant transfer of spin density to th&eference just upstream. The reference is an annular disk of
muon at elevated temperatures. high-purity silver foil (99.99% with a 1-cm-diameter hole at

In addition, we have performeg SR measurements on the center. About half of the incoming muons stop in the
stage-1 lithium intercalated graphite. In this metallic com-reference without triggerinyls, while half pass through the
pound the Knight shift is much smaller and opposite in signhole, trigger theM counter, and then stop in the sample.
(negative, indicating that the local electronic structure for This allows us to distinguish muons stopping in the sample
the muon is dramatically different than in pure graphite. Weffom those stopping in the reference.
suggest that the much higher Fermi energy favors the forma- Such a detector arrangement has several advantages. Most
tion of a diamagnetic Mu state. importantly, it allows us to collect SR spectra on the refer-
ence and the sample simultaneously, thus eliminating many
of the systematic effect&.g., drift in an external magnetic
field, thermal contraction, instabilities in electronics, changes

All measurements have been performed on the M20 o the beam properties, efcSecond, the sample spectra are
M15 beam lines at TRIUMF, which provide a beam of nearlyexceptionally clean and have no detectable signal from the
100% spin polarized positive surface muons with a meameference or elsewhere. This eliminates other errors due to
momentum of 28 MeW. The spin polarization was rotated the variations in the background to foreground ratio which
perpendicular to the axis of the superconducting solenoigan influence the frequency measurement. Note that in gen-
and muon beam direction. The samples were cut from higheral, the background and foreground signals are very close in
purity HOPG with thec axis aligned to better than 2°. A frequency and are thus not easily distinguished. The statisti-
single piece or five pieces were used, depending on wheth&®! accuracy on individual frequencies is about 2 ppm after
the field was applied in parallel or perpendicular to the av-2bout an hour of data collection(10" events) and the sys-

erageE direction, respectively. The magnitude of the appliedtebma?ct:herrormonl t\r/]el frequency shift is estimated to be at
magnetic field was chosen to be 1.45 T in order to attain th&POut the same fevel.

most accurate Knight shift. Although the frequency shiftmo’?‘n S':(;nr:a;rgai?rge:%v://\g/iruisr]e?hifs,ozgzastﬁée?eecrgﬁ dar?qz\:)en
scales with the magnetic field, the amplitude of th&R P ' ’

signal decreases at higher fields when the period of the Lalgounter and. silver mask were placeq just outside the oven

mor precession frequency becomes comparable to the timin .d 20 mm n front of the sample. Th.'s \was necessary since

resolution of the detectors. Itis not possible to use a plastic scintillator at high tempera-
In order to make precise Knight-shift measurements, Wéures.

developed auSR technique which allows us to collect the

data on a sample and a reference simultanedfistigure 1

shows a schematic of the apparatus used for frequency mea- Figure 2 shows the temperature dependence of the mea-

surements below RT. The helium flow cryostat has beersured Knight shift with respect to the silver reference mea-

Il. EXPERIMENTAL

Ill. GRAPHITE RESULTS
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FIG. 2. Temperature dependence of the magnetic dc susceptibil- F|G. 3. Shift in muon precession frequency in HOPG relative to

ity of HOPG in an applied magnetic field of 1.45 T measured with og as a function of temperature in an applied magnetic field of 1.45
H parallel and perpendicular to tleeaxis of graphite. T

sureid with the magnetic field parallel and perpendicular fQuhereN is the geometry-dependent demagnetization factor,

sample without correcting for bulk magnetization is definedsysceptibility of the sample. The dipolar field,) can be

according to the following formula: evaluated numerically as a sum Bfb;(r,—r;) over the

_r _ individual carbon atoms inside a Lorentz sphere of a suffi-

Ks=(Bs—H)/H, (1) . . ) i Lo
ciently large radius. This term is opposite in sign to the sum

whereB; is the total magnetic field at the muon site in the of By, and B and is quite sensitive to the muon site. For
sample ancH is the external applied field. Subtracting the example, if one assumes that the muon adopts an interplane
known Knight shift of the referenceK() from both sides, equilibrium position, then the overall correction is just a few
one obtains the Knight shift in the sample in terms of theppm forK; and almost zero foK, . On the other hand, if the

measured or known quantities: muon was located at a C-H bond lentfth~1.19 A) from a
carbon atom, there is a substantial correctionKgrbut al-
Ks—K;=(Bs—B;)/H (2) most none forlK, (see Fig. 2 We suspect that the latter is
most likely since the difference betweé andK, has a
=(fs—f)/y,H (30 temperature dependence close to that of the bulk magnetic
susceptibility of graphite. In this case the Knight shift is
=(fs—f)/f,, (49 almost isotropic and has a temperature dependence close to

; ; hat ofK .
wherefs=y,Bs is the observed muon precession frequenC)} L . . - .
in the samplef, is the muon precession frequency in the AfeW_ remarks abo_ut the_ Knight shift data in Fig. 2 are in
referenceK, is the known Knight shift in the referen¢84 order. First, the magnitude is anomalously large compared to
ppm), and v:/here we approximatg,H by f normal metals considering the small Pauli spin susceptibility
1 " r- . . —6 . .

Several corrections to this formula are needed. First thd graphlte 0.01& 10. emufg. For examplg, in a S'r'?p_'?
external field at the reference and sample positions are n&'etal like Ag the (atlo bgtween the Payh Spin susceptlblllty
identical. This shift was determined to be about 7 ppm bya“d l}he trﬂuon Khnltght shlljft{94dppm) IS ak??ut _?;0 tlmes" |
mounting a second piece of silver at the sample pos:i'[ionsm.""h(ir h'f?nt\évog KI'S OI ser\t/e th“?c gfjrap €. he paralle
Also, we are interested in the induced frequency shift due té(nlg shift at SUU K IS close S%% at of a previous measure-
the hyperfine interaction with the electronB,f), whereas megt on a graphite CSIIr-]|gt|)e c(rjyl If;?)e Izirggcr) correctlon_lls
the total magneti®; field in Eq. (1) has other contributing made assuming a C-H bond lengtiou ppm at R

terms originating from the bulk magnetization of the Second, the_nght shlft_has at most a S”_‘a” anisotropy
sample®! (K /K, ~2), in contrast with the bulk magnetic susceptibil-

ity where x| /x ~49 (see Fig. 3. Also, the absolute value of
Bs=H+ Byt Buen BL+ Baip. (5p  the Knight shift steadily increases with tempera’g(fm L
_ _ o _ <500 K), whereas the magnitude of the magnetic suscepti-
whereH is the applied magnetic fieldenis the demagne- pility y, decreases with rising temperatusee Figs. 2 and
tization field,B, is the Lorentz field, an@g;, is the dipolar  3). These observations establish that the local electronic
field from moments within the fictitious Lorentz sphere sur-structure around the muon has a much different magnetic
rounding the muorBgernandB, are the macroscopic contri- response than the conduction electrons of graphite. In par-
butions to the magnetic field and can be evaluated as fokicular, the local spin susceptibility at the muon is orders of

lows: magnitude larger and far more isotropic than expected from
4 just electrons at the Fermi surface. Lastly, the frequency shift
_ _am _ displays an unusual temperature dependence sindeet
Bger=—NM, B =—M, M=xH, g C
dem L7 3 X © steadily with temperature above from about 20 K up to 500
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FIG. 4. Temperature dependence of the isotrdfig and axial FIG. 5. Temperature dependence of the isotrépig part of the

or dipolarK 4, parts of the muon Knight shift in graphite. The filled Knight shift in graphite. A solid line is the best fit to E¢B); the
circles and triangles represent the corrected value of the Knighbarameters extracted from the fit are given in the main text. The
shift assuming that a muon is at the C-H bond distance from aimited dataset between 35 K and 485 K is used to fit the experi-

carbon atom. The open circles and triangles represent the correctegental data, which corresponds to the applicable temperature range
Knight shift assuming that™ is in the interplane position. T<T for the model.

K. Note there is a slight upturn ik below 20 K, which we  jnqicated by the large Knight shift, the muon spin relaxation

attribute to the influence from the dHvA oscillations, which ¢pou1d be ‘enhanced by the indirect coupling between the
we discuss below. , o o muon spin and conduction electrons through the bound
This behavior of the Knight shift in graphite is in @ gjectron!® This is confirmed by the appreciable muon-spin-
marked contrast to that seen in conventional free-electropyaxation rate at 896 Ksee Fig. 5. While 1/T, is close to
metals whereK, is temperature independent and propor-yhe getection limit at 295 Ksee Fig. 6, it increases steadily
tional to the Pauli spin susceptibility. On the other hand, they higher temperatures in a nonlinear fashion. Recall that for
observed increase in the Knight shift with temperature is nof, ,clei in a normal metal, the magnitude of1/is predicted
predicted for a simple Kondo impurity where spin suscepti, rise linearly with temperature. The observed relaxation
bility is temperature independent below the Kondo temperagie rises faster than that predicted from Korringa relaxation
ture and falls like 1/7+Ty) aboveT . Thus although there  (see filled circles in Fig. 6 This breakdown of the Korringa
is good evidence for local moment formation, the temperaya,y is attributed to a number of factors, the most important
ture dependence suggests that the behavior is more complgxyhich is the crossover from degenerate to nondegenerate
than expected from a simple Kondo impurity. In order 10 g|cron behavior akgT exceeds about 100 K. In addition,
elucidate the origin of the unusual temperature dependenqfe fact that the Knight shift increases with temperature sug-
of the Knight shift we may calculate the isotropi€il) and  yegts that the coupling constalfr) increases with tempera-
the dipolar Kqp) contributions as follows: ture as was indicated by the Knight shift. One can estimate
1 1 1T, ir] the first Born approximation without the usual as-
~(Kj+2K,), Kdip:§(K|\_ K,). (7)  sumption of degenerate statistics:

Kiso= 3

The linear part of the isotropic Knight shift was fit to the
following phenomenological approximation of the Kondo
model, which is valid fofT<T, and ugH<kgT:%

o
N
[

o
]

1 T?
Kiso( T)=J, T —0.43 3
K

2 ’ ®)

In order to fit the steady rise df;s, with temperature, the
Kondo coupling constan, is allowed to vary with tempera-
ture as B(1+aT). The fit gives scaling parameters

=3.086@4), «=0.0032(4) K'! and a Kondo temperature

o
3

Corrected Asymmetry A,

o
)
&

Tk of 185240) K (see Fig. 4 Additional evidence for the © ! 2 T'\mé ( ;ec> s e /
temperature-dependent couplibg( T) comes from 1T, (see #
below). FIG. 6. LFuSR spectra observed in graphiteTat 295 K and

~ The Korringa-like spin-relaxation ratewith the conduc-  T=g96 K. The solid line represents the fit to the exponential relax-
tion electrons is also anomalous. Normally Korringa relax-ation function. The high-temperature data show faster damping. The
ation of muon polarization is too slow to be detectable on thejata are analyzed with a fixed asymmetry and within the first

uSR time scale. However, if there is a local moment ass usecs to avoid a problem with longer time distortions.
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<05 T T T
lerrfJf-;(T)f92<E>f(E,T>[1—f<E,T)]dE, (©) 8 |3 Exp. Dot s
. . . 30413 Exp. Data ref. [27] $ 1
where Jo(T) is proportional to the coupling constant be- ° ] } )
tween the muon and conduction electrogéE) is the phe- Sos b Caleulation with J(T) g
nomenological density of states for graphite, di(&,T) is - 7 Coledlation J=const
the Fermi-Dirac distribution with a Fermi energghemical Lozt e 5 ¢
potentia) fixed at 23 meV. The density of states is estimated 2 HOPG LF=90 G 7 2
as”® S o1 - .
0:_ //,« gfg
g(E)=4(0.09252)|E—0.5y,+A)+const, (10 oo == . ‘ '
where y,, 7., andA (all in eV) are from band-structure ° 2%Oemp§?3wego&> 50 1000

theory®" Equation (9) predicts a nonlinear behavior of

1/T, at high temperature as observed. This can be understood FIG. 7. Temperature dependence of the relaxation raig 1/

as follows: Recall that the linear behavior in normal metalsmeasured at the applied longitudinal field of 90 G in pure graphite
arises from the fact that only the electrons wiki§iT of the  above RT. The solid and dashed lines represent our estimates. The
Fermi surface participate in the scattering due to Pauli blockdifference between our datgolid circles and the 1T, result re-

ing. However at high temperatures in graphite there are twgorted in Ref. 2@empty circles is not fully understood. One pos-
new effects. First, a large fraction of the electrons are alread§iPle difference is in the analysis procedure. In our case the asym-
involved in the scattering due to the crossover into nondeMetry of the muon signal has been fixed at all temperatures since
generate statistics. This weakens the temperature depeli€ relaxation depends only on the prodagi.

dence. On the other hand, the density of states is strongly

energy dependent near the Fermi energy as can be seen frenuonium would be sandwiched between two graphene lay-
Eqg. (10). This causes an increase in the overall number okrs. Nevertheless, it is likely that a similar structure exists in
free carriers available for scattering and a stronger than lingraphite.

ear behavior inT. In graphite these two opposing effects  Consider the temperature dependencé&g§, which in-
compete. The fit of Eq.(9) to a single temperature- creaseshetween 20 K and 500 K. This is difficult to under-
independent parametdp=0.1080(6) is shown as a dashed stand, given that the magnetic susceptibility of any local mo-
line in Fig. 6. The same model with a temperature-dependenhent should decrease with temperature. We suggest that the
coupling constanto(T)=Jo(1+aT) [Jo=1.4125(4) and jncrease inKis, and 1T, is due to a small temperature in-
@=0.0032(4) K'*, wherea is the same constant used 1o fit quced change in the electronic structure. For example, the
Kisd reproduces the experimental data rather W&le solid  contact interaction may increase with temperature as the

line in Fig. 6. C-Mu bond length increases. This can be understood since in
the limit where the C-Mu bond is broken, the contact inter-
IV. DISCUSSION ON THE GRAPHITE RESULTS action on the muon can increase to that of free muonium.

Around 500 K the predicted IT(+ Ty) decrease for a Kondo

The results in Fig. 7 show that the isotropic part of the; : :
. . . : impurity behavior takes over ari€l, gradually decreases.
Knight shift dominates and grows with temperature whereas F,)As r)r/1entioned previousi| disl?aolgys a in{;ht upturn at

Ejhe d;%mﬁ; pGaS 'fl tmhuchVisamﬁllerfapd lalmcl)sr; t?nm;;?rvavturedlnl- w temperatures below 20 K. In order to determine the ori-
ependent. en the evidence for a local mome € adORsin of this we measured the bulk magnetic susceptibility in a

zclr(i)gsl nf:f;ﬁ:ﬁ n? fir;[hs?er?*nei(r:léirdﬁlcr?clylrzr ?h\évr??:]ési:ost?g Tg dzr- uperconducting quantum interference dervice magnetometer
f the Kniaht shift arises from nt. t interaction wi& pl n the same sample of HOPG. The magnetic-field scan data
ot the ®night Shilt arses from a contact Interactio 2L taken at 3 K(see Fig. 9 show very pronounced dHVA oscil-

hydrogenlike orbital centered on the muon, whereas the di-_.. o ) X
polar part is attributed to spin density localized on theI'atlons caused by the periodic change in the density of states

nearest-neighbor carb@.

It should be noted that for muonium substituted free radi-
cal or bond-centered muonium in covalent semiconductors
[such as GaAsRef. 38], the vast majority of the spin den-
sity rests on the neighboring atoms. Thus while the dipolar
part of the Knight shift in graphite is much less than the
isotropic part, it is possible that most of the magnetic mo-
ment is not on the muon but rests on the neighboring carbon
atoms. It is interesting to compare this with recent theoretical
calculations for muonium interacting with a single graphene
plane (see Fig. & These calculations predict that the F|G. 8. Molecular-orbital simulatioRef. 27 on a single sheet
hydrogen/muonium atom bonds to one carbon, with the maef graphite reveals the existence of a loosely bound radical for a
jority of the spin density on the six neighboring carbons. Ofhydrogen atom. Note that the spin density is not on a single carbon
course this is a crude approximation to graphite since théut rather distributed among nearby carbon atoms.
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FIG. 9. Oscillations of the magnetic susceptibility in pyrolytic P ( >

graphite forH|c andT=2.4 K. A magnitude of the applied mag-  F|G. 10. Temperature dependence of the muon Knight shift in

netic field used for the muon Knight-shift measurements is indi-_jc,. For comparison, the same quantity measured in HOPG is
cated by an arrow. The inset shows the low-temperature part of thgspresented by the open circles.

magnetic susceptibility in single-crystal graphite wiitjc taken in
a magnetic field of 1.45 T and 2.6 T. The apparent change in th

shape of the curves follows the de Haas—van Alphen oscillations.%Inusual feature in Ligis the sign of the Knight shiftnega-

tive) implying that the spin density at the muon site is polar-

. . ized opposite to the conduction electrons. This suggests that
at the Fermi energy brought about by the changing energy,o mon is not in direct contact with the conduction elec-

spacing between Landau levels. To understand the possibjg, s one possibility is that the increased Fermi level favors
influence of this on the temperature dependence of th?ne formation of a Md ion. which should bond to the [i
Knight shift, we measured the bulk susceptibility as a func'\Ne know that the electroni’c band created by lilies above

tion of temperature for several applied fields shown as e Fermi level throughout the whole Brillouin zone and is
inset of Fig. 9. As we expected, the low-temperature behav;,

) e therefore unoccupied. However a local level created by
ior of the bulk susceptibility depends strongly on the mag-\1uLi+ may be below the Fermi surface and leads to a neu-
netic field. At 1.45 T, where ouxSR measurements are

- tral Mu"Li* complex. A similar mechanism has been
performed, the susceptibility shows an upturn at low tem. roposed to explain a hydrogen complex formation in
peratures whereas at 2.6 T it turns down. This is most I_|kel . (M=K, Rb, and Sp alkali-metal intercalation

the explanation for the low-temperature feature seekin compoundé2 Such a complex may explain the negative

Ersﬁe Fig.f;’_ Note thﬁt thi effecthis Ieﬁs ngticeab(;efi@g. Knight shift. For example, the external field polarizes the
IS confirms our hypothesis that the observed frequency,,q,,ction electrons which are located primarily in the car-

shift for a field parallel to the axis is strongly influenced by bon plane. If there is little direct spin density on the MuLi

the bulk magnetic susceptibility. compound, then core polarization of the molecular orbitals
for Mu"Li* could lead to a net negative frequency shift.
V. LITHIUM INTERCALATED GRAPHITE Note that similar core-polarization effects lead to a negative
contact interaction for bond-centered muonium in siliédn.
In order to investigate the stability of the muon in kiC
we have also performed theSR measurements in zero ap-

For comparison additiongtSR measurements were also
taken on the lithium intercalated compound EjGwhich,
unlike graphite, is a good metal. Litbelongs to a class of
materials in which Li ions form an ordered lattice in between 0.24

the graphite sheets. Angle-resolved photoemission ré3ults T o b

show that the Li intercalant is fully ionized with one electron § om 0P 0 o LiCe

per Li atom transferred to the graphite layers, which leads to 3 0]

the highly increased metallicity. Lithium intercalated com- © 021 ¢ o

pounds are extremely unstable in air and require special han- 5 925 o

dling. In our case the sample of LiGvas sealed in a small 0.9 - o

Al vessel equipped with a thin (5@m) Kapton window to E 0.18 - o

allow muons to enter the sample. T o7 b |
The muon Knight shift was measured in an external mag- 5 o6 L o

netic field of 1.45 T applied along the axis (see Fig. 10 & 0.15 . . . . L ®

Note that the magnitude of the Knlght is aboutl00 ppm 0 50 100 150 200 250 300

and temperature independent. This is typical for simple met-
als where the Knight shift tracks the Pauli spin
susceptibility?® As one might expect, the increased carrier FIG. 11. Zero-field spin-relaxation rate as a function of tempera-
concentration from Li appears to destrggr completely ture in LiCs. At temperatures above 120 K the muon starts hoping
screen oytthe local moment seen in pure graphite. The mostand motional narrowing occurs.

Temperature (K)
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plied field (ZF). Figure 11 shows the temperature variation ofpredominantly on the neighboring carbons and screened
the muon depolarization rate in ZF, which depends on théeavily at low temperatures. The increase in the isotropic
strength of the nuclear dipolar interaction with the Li nuclearpart of the Knight shift, which measures the contact interac-
spins. As seen, the relaxation rate is almost constant belotion, is in contrast to the conventional temperature depen-
100 K and then gradually decreases at higher temperaturedence for a simple Kondo impurity and indicates that the
The reduction at higher temperatures is attributed to molocal structure changes slightly with temperature. In addition,
tional narrowing, as the muon hops from one site to the nextthe muon-spin-relaxation rate is large and deviates from the
These results imply that the muon is stationary on the timeéKorringa relation for normal metals. This is likely due to the
scale of a few microseconds below 100 K but begins to movetrong energy dependence in the density of states coupled
rapidly at higher temperatures. This is a lower limit on wherewith the small Fermi energy. Similar measurements ongLiC

isolated hydrogen will begin to move in LiC produced a small, temperature-independent Knight shift. The
observed negative frequency shift is attributed to core polar-
VI. CONCLUSION ization of the Li"Mu~ compound.

In summary, we have studied the local electronic structure
for muons implanted in HOPG by means of the muon
Knight-shift measurements fno 3 K to 900 K. There is an Many helpful discussions with I. Affleck are gratefully
unusually large and temperature-dependent Knight shiftacknowledged. One of the authddsA.C) thanks S. Cox, K.
which indicates the formation of a local moment. The isotro-Chow, and J. Brewer for numerous discussions related to
pic part of the Knight shift is much larger than the dipolar muonium in semiconductors and graphite. Work at the Uni-
part and rises with temperature. We have interpreted theseersity of Pennsylvania was supported by the U.S. Depart-
results in terms of a local model, where the spin density isnent of Energy, Grant No. DOE DEFG02-98ER45701.
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