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Fluctuating field model for conduction electron spin resonance in graphite
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We outline a theory for conduction electron-spin resongi@ESR in highly oriented pyrolytic graphite.
The fundamental approximation is to treat the spin-orbit interaction as an effective field. In this approach, the
shift in theg factor, which is associated with the mean value of the field, is related to the orbital susceptibility
of the electrons. The linewidth comes from fluctuations in the effective field caused by the scattering of the
electrons. The theory is used to interpret our CESR measurements.
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[. INTRODUCTION weak, we treat the interaction as an effective field whose
gatic and dynamic properties are those of an electron gas

Recently, there has been renewed interest in measure-. . L . .
ments of the electronic and magnetic properties of graphite%v"thoUt spin-orbit interactions. If we add s the orbital
i

Some of these studies have revealed behavior that may not oetzzlm(?rrg)i;[zjlr%lgtzlgr, xr(;?nrgrl;tzulrﬁ tr\/‘fezoﬁgﬁogeggn% tg]rﬁan
within the framework of an independent-electron modél. 9 ’

Among the probes that have been employed is conductiogxfh';nfoéizity Igi?:lli(l:(ael ;Oi:&ifﬁ?ﬂ:ﬁg'iglﬁ(zass%séet';g_()f
electron-spin resonan¢€ESR.3-%In these references, mea- .~ " ge-coup PINS, pins.
ing identified with the orbital moments. Because of this cor-

surements of the temperature-dependgrfactor and the respondence, we can make use of techniques developed in
linewidth were reported that showed significant asymmetry, P : . q P
efs. 10-12 in our analysis.

and temperature dependence below 200 K. The interpreta- An essential assumption in our approach is that the fluc-
tion of the CESR results is uncertai?.According to Ref. 7, ) . SUmp pp .
tuations in the orbital moments, which can arise from both

a reliable theory for theg factor in graphite remains to be elastic- and inelastic-scattering processes, decay on a time
developed.” The approach outlined in Ref. 9, which is the o ! g pr o y .
ale 7, which is short in comparison with the precession

most detailed independent-electron theory to date, gives thed d of th s, Thi i hich i alent t
wrong sign for theg shift when evaluated with positive spin- per|<3 O'd € 3p||ns_. II'S ?‘S,?Pmpr']"”’d‘(v Ich 1S ﬁquwa entlo
orbit parameters. Furthermore, the calculations of Ref. 9 deatr'e rapid modu gtlon imit, IS W at distinguis es our ap-
only with theg factor and are unsuited to characterizing theproaCh from previous calculations of tigefactor Wh.'Ch ne-
resonance in regimes where electron-electron interactions a ect the scattering processes and hence are equivalent to the

important. The purpose of this note is to outline a theory for;fg:'?re“T:h?S dveveevr;lgleiiz i?]etlﬁg’”;heiv%t:ﬁe;ce g:t?g&l:fﬁ an
the CESRg factor and linewidth in graphite that does not q y aep PP

. . i L assumption.
invoke the independent-electron approximation. The funda We begin by introducing the Fourier expansions of the

mental approximation is to treat the spin-orbit interaction 3S0cal spin and orbital operators-
an effective field. In our approach, the shift in théactor is P P -
related to the average value of the effective field while the §= N dkiigk), 2)
linewidth is associated with the fluctuations in the effective ‘
field arising from the scattering of the electrons. We use the
effective-field model to interpret our experimental results for NS R (R
the CESRg factors and linewidths in highly oriented pyro- =N - iL(k), 3
lytic graphite(HOPG). k
whereN denotes the number of electrons and the sum is over
the Brillouin zone. The spin Hamiltonian takes the form
In our approach to CESR in HOPG, we express the spin- NS o ar
orbit interaction in the single-orbita(2p,), tight-binding Hs=2ugS,(0)H + AN E L(=k) - Sk). (4)
limit where it is written Al -S. The spin-dependent compo- K
nents of the static Hamiltonian take the form We obtain the shift in theg factor from the equation
- of motion of the transverse component of the total spin
HSZZMBE Ssz"‘AE lj -5 (1) s,(0) after replacingL(-k) by its thermal average. In the
! ! presence of a uniform magnetic field directed along zhe
Heres denotes the electron spin ahds the orbital angular axis, only(L,(0)) survives the thermal averaging. Writing
momentum. Since the spin-orbit coupling in carbon is veryg(T)=2+Ag(T), we have for they shift,

Il. CESR IN HOPG
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Ag = A(L,(0))/NugH = = A(m,)/ udH. 5)  (keTV/2u2)Sixs(KULA—K, D), Lk, 0}). where xs(k) de-

notes the wave-vector dependent static spin susceptibility.

gfAfter making these approximations, the linewidth takes the
orm

Here{m,) is the average orbital magnetic moment per reso
nating electron, and we have utilized the result that the ma
netic moment is antiparallel to the angular momentdfhe
ratio {(m,)/H defines the fixed-field, single-electron orbital A2 o . (* - -
susceptibility which we identify with the ratio of the buk  1/T2= 25 N EXS(k)f ALk Lok O
fixed-field orbital susceptibility,,,(T,H)=M(T,H)/H, to Xs k -

an effective electron densitye:(T,H). We thus obtain (9)

~Axorn(T,H)
HENes(TH) ©

Ag(T) = (6) Equation (9) is our final result in which the linewidth is
expressed as a sum ovkr weighted by thek-dependent

Equation(6) is our final result for the shift in thg factor.  static spin susceptibility of a time integral ovek-alependent

Although we defer comparison with experiment until later, orbital angular moment correlation function. We postpone

we note that the orbital susceptibility in HOPG is largestdiscussion of this equation until after we present our experi-

when the field is parallel to theaxis. As a consequence, the mental findings.

g shift in the parallel configuration is much greater than

when the field is perpendicular to teeaxis. Becausgy is

negative, the correspondingshift is positive since the spin- Ill. EXPERIMENTAL RESULTS

orbit parameter\ is positive. . ' .
In ?he analysis ofpthe linewidth, we make use of a general Experimental results for the resonance field, the line-

expression fof, derived previousié I Ref. 14, the aniso- 10 203 0L CCC TR SRt LR L ol
tropic terms in the spin Hamiltonian gave rise to the line- q X P

width. In the present problem that role is played by the Spin_X—band data for the factors and linewidths as well as fixed-

orbit interaction since it does not commute with the totalﬂe'd susceptibility measurements on'the same sample used in
spin. We have the CESR work which was synthesized at the Research In-

stitute “Graphite”(Moscow). The data were taken with a
,ué Bruker ELEXSYS-CW spectrometer &-band frequency
m—zzm using a Tkg, room temperature cavity and a He gas flux
S temperature controller. Figure 1 displays théband
(9.482 GHz data between 4.2 K and 300 K. In both con-
figurations,H| c andH L ¢, the microwave and dc-magnetic
%) fields were kept mutually perpendicular in order to achieve
maximum microwave penetration to avoid a line shape
Here x<(0) denotes the uniform-field spin susceptibilityjs ~ change caused by anisotropic skin depth effettm all
the volume Hg, is the spin-orbit interaction appearing in Eq. cases, the line shape was Dysonian indicating conducting
(4) and the curly brackets denote a symmetrized product. behavior of the sample.
The commutators in Eq7) have the form Figure 1 displays the linewidth argifactor data for both
L . the parallel and perpendicular configurations. It is evident
{S:(O),AN*E LK) sao}

X f 7odt{[S:(0,1), Hs()],[Hso(0), S-(0,01}).

thatg, is essentially constant and close to the free-electron
k value of 2.0023. In contrasy, is =2.05 at 300 K and in-
N L g L creases to a value close to 2.16, before leveling off. The
=+ AN 2 L(=K)S.(k) £ AN E Le(=K)S(K). linewidth data forH i c increase rapidly with decreasing tem-
k k perature, reaching a value95 Oe at 10 K; in contrast, the
(8) linewidth for H L ¢ increases much less rapidly, reaching a
] ) ~maximum of 30 Oe before showing a slight downturn.
As will be discussed below, we expect that when the static Figyre 2 shows the results for the fixed-field bulk suscep-
field is along thec axis the dominant contribution to the tipility (M/H) at a field of 3400 Oe for both the parallel and
linewidth comes from the first term on the right hand side ofyehendicular configurations. Note that this value of the field
Eq. (8), i.e., the longitudinal fluctuations in the orbital angu- corresponds to a resonance at 9.482 GHz with factor
lar momentum. Consistent with the weak coupling approxi-equa| to 2. The measurements were carried out in a Quantum
mation, we factor the spin and orbital terms in the correlatiorbesign SQUID MPMS-5 magnetometer in the temperature
function in Eq.(7), obtaining an expression of the form range between 2 K and 300 K. The susceptibility Fofc
" C C » decreases rapidly from room temperature approaching a
2 (Sl DS~k OXLA= KDLk, 0)). minimum of -2.94x 107° emu/g at 34 K before increasing
to —2.82x10°° emu/g at 2 K. The fixed-field susceptibility
If we further assume that the decay time for thefor H.Lc is also negative but much smaller in magnitude
momentum  correlations (see above satisfies the thany,. The ratio ofy,/x, varies from 55 at 300 K to 104
condition w7r<1, where /27w is the precession at5 K. Note that the measured susceptibilitigsand x, ,
frequency of the spins, then the integrand becomeslso have contributions from the diamagnetic core suscepti-

k

125417-2



FLUCTUATING FIELD MODEL FOR CONDUCTION.. PHYSICAL REVIEW B 70, 125417(2004)

120 |-
100 I[ HOPG X band (9.482 GHz)
~ 80 i % ----- A Hire
6, " A Hlc
T 6o [
5 g
40 TA.
[ Sy th
20 | Bt ;“ """ LY .4..2 ____________________ FIG. 1. (Color onling Linewidths andg val-
920 bt T ’?‘%A% ";"';"$':.:$;¥:$:.::.$| L ues with applied fields parallgsolid triangle$
F o 50 100 150 200 250 300 and perpendiculaiopen trianglesto thec axis of
515 [ -y, HOPG. The measurements were carried out at
UF '4\,_* X-band frequency, 9.482 GHz. The dotted curves
X AL are guides to the eye.
g 210 A
2 - Aaa.
Z 2.05 [ boda Aa
o =P r B ¥
200 F M AA bbb Rl BB B BB A
1_95:..I....I....I....I....I....I....I..
0 50 100 150 200 250 300
T(K)

bility and the paramagnetic Pauli susceptibility of the carri-of the g values shown in Fig. 1. Since,,| xorb> 100 at low
ers, both of which are isotropi€.According to Ref. 16, the temperatures, one expeclsy, to be smaller thamg, by
former is on the order of —0.04107° emu/g, which is com- about the same factor, i.eAg, <0.002. Because\g, is
parable to our measured values pf, while the latter is small, it is difficult to distinguish the contribution of the
estimated to be much smaller, 0.00460° emu/g. orbital susceptibility[Eq. (5)] from intra-atomic contribu-
tions and vacuum fluctuation effects.

The ratio of the paralley shifts at the limiting tempera-
tures, Ag,(2 K)/ Ag,(300 K) =3, is greater than one would

The theory outlined above establishes a connection beexpect from the ratio of the susceptibilities,
tween theg shifts and the orbital components of the fixed- x;(2 K)/ (300 K)=1.5. We attribute this to the temperature
field susceptibilities. The behavior of the bulk susceptibilitiesvariation of the effective electron densilN.¢. In graphite,
shown in Fig. 2 isqualitatively consistent with the variation neither the value oNg nor A is known?’ It is important to

IV. DISCUSSION
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keep in mind that our effective electron density is defined bytions, the linewidth is due almost entirely to dephasing ef-
the ratio Hy,/(m2 and is not identical to the carrier density fects. As a consequence, one Has>T,, whereT; and T,
inferred from transport measurements, although it is reasorre the longitudinal and transverse relaxation times, respec-
able to expect similar temperature variations in the two patively. When one hasi L ¢, the ¢ axis fluctuations are per-
rameters. The decrease Ay, from 0.15 at 50 K to 0.05 at pendicular to the applied field. If theaxis fluctuations were
room temperature, together with the increaseyip, from  still dominant, one would have largely lifetime broadening,
-2.9X107° emu/g to —-1.%X 10°° emu/g over the same tem- i.e., T,=~2T;; more generally, one expects tHRt<T,<2T;.
perature range, is consistent with an increaséip by a We have also made measurements of the parallel and per-
factor of 2. The fractional increase is comparable to the inpendicularg factors and linewidths & band(4 GH2 andQ
crease in the carrier density over the same temperatuieand(34.4 GH2 frequencies. These results, along with ¥e
range'® band data, are shown in Fig. 3. Thé and S-band (and
From Eq.(9) it is evident that the behavior of T is  Q-band forT= 125 K) linewidths are nearly identical, as is
determined_ by the time _integral of a c_orrelation function as+g pe expected in the rapid modulation limit, whese<1.
sociated with théluctuationsin the orbital angular momen-  aggitional evidence in support of the rapid modulation ap-
tum. At low temperatures, whergy| becomes large, it is goximation comes from measurements of the resistivity re-

expected that the amplitudes of the longitudinal fluctuations, taq by Duet al.in Ref. 2. From the transport data, they
increase. It is also expected that the fluctuations will deca : o i

) . ; “Wnfer a carrier scattering time associated with electron-
more slowly, corresponding to an increase in the correlatio

i i 10 1 H
time. Both of these effects contribute to the increase in th ?O%Phézte;aig%?iznor;sthcealggelfo(r)fifTtgizir;r sscgtérr]in
linewidth asT— 0. ' g g g

From Fig. 1, it is apparent that there is also a small in_t|mes inferred from transport measurements to interpret

crease in linewidth when the static field is perpendicular t&cESR data, it appears that the rapid modulation limit is ap-

thec axis. A possible explanation for this effect follows from Propriate forS- andX-band measurements down to tempera-

Eq. (7). In addition to the longitudinal terms, the linewidth tures on the order of 10 K or below. In the case@band

has contributions from the fluctuations in the orbital momen-Studies, the breakdown of the rapid modulation limit may

tum that are perpendicular to the applied field. When théd€gin to occur at higher temperatur@d K—100 K.

static field is parallel to the axis, the perpendicular fluctua- It should be noted that there is a small difference between

tions are smal(y, / x;,<<1) and their contribution to the line- the X-band and the&s- and Q-bandg factors in the parallel

width at low temperatures is probably negligible. When theconfiguration over the range 100<KT < 250 K. This differ-

static field is perpendicular to theaxis, however, there is a ence, which is also seen in other HOPG samples, occurs in a

contribution to the linewidth coming from th&ansverse region where the bulk susceptibility is field independent for

fluctuations that are directed along the c axfdthough the the resonance fields used in the experiment. Within the

c-axis fluctuations are suppressed by the perpendicular fiel&ffective-field model, such a shift is associated with differ-

if the suppression is not complete, they may be giving rise tences in the effective electron densiN.s. This effect

the weak growth imAH, asT—0. does not appear to be an experimental artifact since our
With H||c, the dominant fluctuations in the effective field X-band data forg, are very similar to the values ofj

are along the direction of the dc field. Under these condi+eported in Ref. 9.
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As mentioned previously, we used the tight binding orUnfortunately, it has not been possible to test this prediction
atomic approximation for the spin-orbit interaction. The gen-becauseAg, is too small to separate the orbital part from
eral expression for the spin-orbit interaction takes the formvarious temperature-independent contributions. Although we
(h12mPc?)(VV X p)-S, whereV is the periodic potential and do not have a detailed prediction for the magnitude and tem-
p is the electron momentum. The axial vec¥V X p has the  perature dependence of the linewidth, it may be possible to
same transformation properties as the orbital angular mosheck the predictions for the relative magnitudesTofand
mentum. With the more general form of the interaction,ghe T, in the parallel and perpendicular directions discussed

shift is given by above.
- As a final point, we mention that the approach outlined
Ag= (h/2mc)(VV X B) ) pgH. (100 here for graphite may also be useful for interpreting CESR in

Here the brackets denote a thermal average over the marfarbon nanotubes. Although there are predictions for unusual
fold of hybridized 2 states contributing to the dynamic spin Pehavior in single-wall and multiwall nanotubEsthe ex-
susceptibility. If the tight-binding approximation is appropri- perimental evidence seems to support the interpretation that

ate, the variation of(VV X p),) with field and temperature the ESR in single-wall nanotubes is qssociated with para-
should be similar to that off,). magnetic defectd} In the case of multiwall nanotubes, a

variety of behaviors is fountf We expect our theory to be
applicable to those samples where the line shape is Dysonian
indicating conducting behavior of the resonant electrons.

In summary, in the fluctuating field model for CESR in
HOPG, the anomaloug shift and linewidth that are ob-
served with the static field along theaxis are associated
with the longitudinal fluctuations in the orbital angular mo-
mentum[or its generalizatio(VV X p)]. The g shift is re-
lated to the static orbital susceptibility, which characterizes
the equal-time correlations of the orbital moments, whereas We would like to thank Professor Yakov Kopelevich for
the linewidth is related to the dynamical correlations. Theinteresting discussions and for providing the sample used in
theory predicts that the ratidg,/ Ag, is equal toxyn/ Xorb, -  the measurements.
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