PHYSICAL REVIEW B 68, 165408 (2003

Magnetothermal conductivity of highly oriented pyrolytic graphite in the quantum limit

R. Ocam, P. EsquinaZi, and H. Kempa
Abteilung Supraleitung und Magnetismus, Institut Experimentelle Physik II, Universitd_eipzig,
Linnestr. 5, D-04103 Leipzig, Germany

J. H. S. Torres and Y. Kopelevich
Instituto de Fsica, Universidade Estadual de Campinas, Unicamp 13083-970, Campina$&bio, Brazil
(Received 14 May 2003; published 20 October 2003

We report on the magnetic field (0SSB<9 T) dependence of the longitudinal thermal conductivity
«(T,B) of highly oriented pyrolytic graphite in the temperature range$T 20 K for fields parallel to the
¢ axis. We show thai(T,B) shows large oscillations in the high-field regioB>*2 T) where clear signs of
the quantum-hall effect are observed in the Hall resistance. With the measured longitudinal electrical resistivity
we show that the Wiedemann-Franz law is violated in the high-field regime.
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. INTRODUCTION levels of graphite are occupie®®2 T), the longitudinal
electrical resistivity shows a reentrance to a metallic-like
Over the last 60 years the literature contains a substantiatate below a field-dependent temperatilirgB). % The
number of measurements and theoretical work on the eledunction T,,,(B) depends on the dimensionality of the graph-
trical and thermal transport properties of the semimetalte sample and it oscillates as a function of field for quasi-2D
graphite>? In contrast to the common believe, however, sev-samples. This behavior might be an evidence for field-
eral transport properties of graphite are not understood anithduced superconductivity at the QL in graphite, discussed in
some theoretical assumptions done in the past seem now leBefs. 12,13. In the QL the Hall resistanBg shows clear
plausible. These doubts have their origin in the relativelysigns of the quantum Hall effect for samples with small
new and controversial physics of a two-dimensiof@D)  FWHM.!
electron gas. Graphite has been tacitly assumed to be a 2D For ideal graphite the conduction electrons are expected
material, but the relatively low quality of the samples pre-to follow a Dirac dispersion relation. These quasiparticles
vented clear measurements of its true 2D transport propefQP) should have some similarities with the nodal QP of the
ties. The number of open questions regarding the transpodtdensity wave(DDW) state, which applies also to high-
properties of graphite is significant. Already early work temperature superconductors. For a not superconducting
noted that the magnetic field dependence of the electricddDDW QP the violation of the Wiedemann-Fraf\&/F) law**
longitudinal resistivityp,, and Hall resistanc®, even in- has been predictétl as a characteristic of the relativistic
cluding ad hocdispersion relation and trigonal warping of spectrum of the QP. Briefly, in the DDW state the QP can
the constant energy surfaces, wasd still remaing basi-  carry electrical current much more effectively than thermal
cally unexplained. current in the limit of very small QP density, a situation that
Recent measurements of the longitudinal resistivity ofapplies to graphitéFermi energyEr~200 K). The theoret-
highly oriented pyrolytic graphitéHOPG samples show a ical work of Ref. 16, however, goes a step further taking into
clear magnetic field driven metal-insulator transitidvlT) account the presence of a magnetic field within the DDW
with a giant magnetoresistance at low fields and at lowstate in the calculations. This work finds that the WF law is
temperature$ For example, the longitudinal resistivity at 4.2 restored at low enough temperatur@@mpared withEg)
K can increase by more than one order of magnitude with @andependently of the applied field. We note that in none of
field B=0.2 T. This MIT shows a scaling as found for 2D these references quantum Hall states have been taken into
electron systems with similar scaling exponent but with aaccount in the calculations. Taking into account recently pub-
critical field ~0.1 T applied perpendicular to the graphenelished experimental evidenééthese theories cannot be ap-
layers®>® Possible origins for the MIT in graphite are being plied straightforwardly to graphite. The aim of our work is to
discussed nowadays in the literature in terms of supercoreheck whether the WF law applies in graphite in particular in
ducting fluctuation$,excitonic insulator state triggered by a the QL regime.
magnetic catalysis phenomenbnand/or a Bose metal The magnetic field dependence of the thermal conductiv-
transition®® High-resolution angle dependence of the mag-ity of strongly anisotropic HOPG samples was already mea-
netoresistance along theaxis in HOPG samples indicates sured in the past but one does not find curves in the pub-
that the transport between layers gets incoherent the bettéshed literature with the necessary resolution in the QL
the sample quality—characterized by the full width at halfregime. There are at least two unpublished studies which
maximum(FWHM) of the rocking curve—and suggests that deserve our attention. In his Ph.D. thesis, Ayd¢ineeasured
the coupling between planes is much less than the commonly(T,B) and observed well defined oscillations efB) at
assumed 0.3 e¥. fields above 2 T and at constant temperatures below 10 K.
In the quantum limit(QL) when only the lowest Landau This behavior was apparently also observed by Wodffam
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but the curves were not included in the corresponding paperegime. The absolute value of the longitudiflahsal-plang
Interestingly, both authors emphasized that the oscillations inesistivity at zero field wag,(6 K,0)=2.4 and 2.6u{) cm
x(B>2 T) as a function of field were apparently in phaseat 10 K. The error in the absolute value is estimated to be
with the electrical resistivity oscillations, although the elec-~30% due to geometrical errors. At 10 j, reaches its
tronic contribution tox at high fields freezes out according low-temperature rest value within 10%. The resistivity in-
to the Wiedemann-Franz law. In spite of this striking resultcreases by two orders of magnitude for an applied field of 1
neither the curves nor any analysis of the data was publishefl at T<10 K.

to our knowledge. For the longitudinal thermal conductivity measurement

High-resolution measurements of the field dependence dhe temperature gradie(uf the order of 200 to 300 mKivas
the thermal conductivity of quasi-2D HOPG samples havemeasured using a previously field- and temperature-
nowadays special relevance. In particular because evidencalibrated typeE thermocouples with a dc picovoltmeter.
for a quantum Hall behavior in 2D samples in the QL hasThe thermocouple ends were positioned one at the top and
been recently reporteld. The behavior ok (T,B) in graphite  the other at the bottom of the main surface of the sample. A
is not only important to understand the nature of the QP irdetailed calibration bele 8 K was performed because in this
this material at the QL but also gives us the chance to studiemperature region the thermopower of our thermocouple is
the thermal transport in the quantum Hall effé@HE) re-  specially sensitive on the magnetic field with a nonmonoto-
gime. We note that the thermal transport in the QHE regimenous dependende.The experimental arrangement was re-
still remains an unclear problem since the discovery of thicently used to study the longitudinal and Hall thermal con-
effect. In this work we have measured the longitudinal ther-ductivities of high-temperature superconducting crystafs.
mal conductivityx of a well characterized HOPG sample as We note that in general the measured thermal conductivity is
a function of magnetic field applied parallel to thexis of k= «;—TSg;, wherek; is the “real” thermal conductivity
the graphite structure. These measurements were accompzf-the sampleS the thermopower, and; the electrical con-
nied by measurements of the longitudinal and Hall resisductivity. In the case of our graphite sample the correction
tances. The results clearly show that the WF law is violatederm to « is four orders of magnitude smaller tha
in the QL, whereas deviations are observed at lower fields.at 10 K.

Our system enables us to measu@) with a relative
resolution better than 0.1% above 5 K. The thermal stability
was better than 10 mK in the whole temperature range 5 K

The HOPG sample from the Union Carbide company=T=20 K and magnetic field 0 £B<9 T. The absolute
measured in this work was selected because of its cleagrror in the thermal conductivity was estimated to680%.
quasi-2D properties observed in the electrical and Hall resisThe obtained absolute value efand its temperature depen-
tivity. This behavior is correlated with the small FWHM dence are similar to those from previous studits®242°
=0.26° of the rocking curve, which is a measure of theFor example, at 10 K we obtaix(0)=130 W/mK and
misorientation relative to the axis of the crystallites in the «(0)=33 W/mK at 5 K and zero fields. In all magnetic-field
sample. The measured FWHM is one of the smallest we haveuns «(B) showed reversible behavior. Irreversible behavior
obtained for HOPG samples. We note that most of the grapHias been observed but we could prove that it was related to
ite samples studied in the literature of the 1970’s and 1980’small temperature drifts since in the temperature range of the
had a much larger FWHM. Our experimental evidence indi-measurements depends strongly on temperature.
cates that in samples with FWHM values larger tha@.5°
the transport prope.rties show _clear sign of 3D behavior and IIl. RESULTS AND DISCUSSION
coherent transport in the directior™® and therefore they do
not reflect true 2D behavior of ideal graphite. The dimension Figure Xa) shows the reduced longitudinal thermal con-
of our sample was lengthl.6 mm, width=1.2 mm, and ductivity «(T,B)/«(T,0) as a function of the field applied
thickness =60 um. The room temperature out-of-plane/ parallel to thec axis at different constant temperatures be-
basal-plane resistivity ratio aB=0 of the sample was tween 5 to 20 K. In Fig. (b) we show the Hall resistance of
pel pp~5x10* Furthermore, this sample does not show anythe same sample. The decreaseafith field can be related
maximum in thec axis resistivity as a function of angle for to the decrease of the electronic contribution. The clear os-
fields parallel to the graphene plarie$his indicates inco- cillations in x(B) observed aB>1 T are apparently due to
herent electrical transport expected for weak-coupled corthe quantization of the Landau levels and the crossing of the
ducting planes and for samples with a low density of defectsFermi energy as the oscillations in the Hall effect indicate,

The Hall resistance was measured using the van der Pausee Fig. ). Figure 2 shows the same data as Fig. 1 but in
configuration with a cyclic transposition of current and volt- a linear field scale.
age lead®?° at fixed applied-field polarity as well as mag- It is noticeable the appearance of the plateaulike features
netic field reversal; no difference iR,,(H,T) obtained with atB~2 and 4 T in the Hall resistivity that clearly suggests
these two methods was found. For the measurements, silvére occurrence of the quantum Hall eff@@HE) in graphite.
past electrodes were placed on the sample surface, while the fact, the temperature dependence of the maximum slope
resistivity values were obtained in a geometry with an uni-(d|Ry|/dB)ma Vs T~ between two plateaus at 3.5 T, and
form current distribution through the sample cross sectionmeasured to 70 mK shows a temperature depend&née
All resistance measurements were performed in the Ohmiwith an exponentk=0.42 similar to that found in QHE

Il. EXPERIMENTAL DETAILS
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FIG. 1. (@) Reduced thermal conductivity(B)/«(0) vs applied
magnetic field at different constant temperatures. The l{ggand FIG. 2. The same data as in Fig. 1 but plotted in a linear field
(3) were calculated from the Wiedemann-Franz law, E8s.and  scale.
(4), at 10 and 6 K using the measured field dependent electrical
resistivity for the same sample. Cury&) was obtained with the Can we understand the decrease with field and the oscil-
measured resistivity at 10 K but with a lower Lorenz numher |ations observed ic(B) within the Wiedemann-Franz rela-
=2.0x10"% WQ K2 (b) Absolute value of the Hall resistance as tion? To answer this question we proceed as follows. We

a function of applied field. The inset shows the temperature depergssume that the thermal transport of graphite is given by two
dence of the field at the onset of the platealRjpat ~3.7 T (O) contributiong

and the position of the minimum ir (H).
K:Kp(T)+Ke(TaB)r (N

systems? This result is not unexpected taking into account here x- is due to the phonons, the contribution of the
the quasi-2D structure of the sample. We note that the occutsiomic Igttice with the appropriate lattice anisotropy, and
rence of the integral QHE in graphene has been predicted
recently’® The reason why it was not found before is related
to the sample quality which affects the 2D behavior of the
transport properties. Our studies show that the dimensional-
ity is strongly affected by internal lattice defects, some of
them appear to short circuit the graphene planes. The fact
that we want to stress is the good correspondence between
the features measured inand Ry at the QL. To recognize
this we show in the inset of Fig.(lh) the temperature depen-
dence of the field at the onset of the plateauRp at
~3.7 T (O) and the position of the minimum irn (H).

Figure 3 shows in more detail the field dependence of the
basal-plane and Hall resistances, taken at 4.2 K, as well as of
the thermal conductivity at 5 K. The thermal conductivity
data shown in this figure were taken increasing and decreas-

ing field. As seen in the figure, no significant hysteresis is F|G. 3. Longitudinal and Hall resistancéleft scalé and the
observed. This result is in contrast to the hysteresis observagdduced thermal conductivityight scale as a function of magnetic

by Ayache in his Ph.D. work! We speculate that a small field applied parallel to the axis. The two measured lines of the
temperature drift might have been the reason for the obthermal conductivity data were taken increasing and decreasing
served hysteresis. field. Within the error there are no significant hysteresis.
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due to conduction electrons. Usually one assumes that the 18] T T T T T T T T 1336

field dependence of the thermal conductivity is given only by 1.64 ‘H\ 12.99
the electronic park.(T,B), which can be estimated with the 1.4 ) *{\\ 1262 &
WEF relation. This universal relation relates the electrical re- E 12] ¢ e loo4 =
sistivity p(T,B) with the thermal conductivity due to elec- = 1.0] 11.87 “—.’o
trons by v 0.8] 1150 =
< N
0.6 AR AREE-

L @) 0.4] \] {075

T ’ 0.2 10.37

through the universal constaby=2.45x10" 8 WQ K2 at 4 6 8 10 12 14 16 18 20 22
Temperature T(K)

low enough temperatures. One can recognize easily the dif-

ficulty tc_) meas_ure_accurately the field dependence of the FIG. 4. The thermal conductivity difference between the mini-
electronic contribution to the thermal transport abové K 1, (atB=3.7 T) and maximuntat B=5.5 T) Ak (see Fig. 1as
due to the small electronic contribution. From H@) we 4 fynction of temperature. The right scale provides the estimate

eXpeC'[ fOI‘ We” Ordered HOPG Samp|eS at zero f|e|d a rat'Q/alueS per graphene |ayeﬂ|th|n a geometrica| error %30%)
between the electronic and total thermal conductivity «

<0.15 at 5 K, and<0.05 at 10 K. Literature data are in Sults clearly indicate that the WF law in its original form
general in good agreement with these estim:tés. fails to explain the field dependence of the thermal conduc-
The relation(2) holds strictly for elastic or quasielastic Uity in the QL of graphite and in the measured temperature
electron scattering and therefore the range of validity is usu[anlge' t . th theory it b fult
ally set, either at low enough temperatures where the resis- ' Of &Ny future comparison with theory it may be useiul to

tivity is temperature independefitpurity scattering domi- provide t.h? absolute valqe of the osg:illatic_)n gmplitu_de be-
y P b Gmpurity g tween minimum and maximum as defined in Fige) 1Fig-

nateg, or at high enough temperatures where the electron . . .
phonon scattering is largé.For the sample measured in this ure 4 shows the experimentik obtained frqm Figs. @) or
tg(a). It shows a tendency to saturation aroun¥ix

work, the temperature dependence of the electrical resistivi >t ;
P P ~1.5W/mK for T<10 K. The oscillation amplitude per

indicates a saturation below 10 Kcurves for a similar i
te graphene layer can be estimated frdm, ~Axa/N, where

sample can be seen in Refs. 6,28d therefore aT<10 K § i oy
we expect to be roughly in the validity range of the WF law. & IS the distance between layers addhe number of layers

From the measured field dependence of the electrical resi§?@asured in parallel in our experiment within the 0
tivity we can calculate the relative change of the total therthickness of the sample. Using this approximation we obtain

» — 15
mal conductivity at a fixed temperature as Ak ~3X10 WK for T<10 K. o
In the following we discuss our results taking into account

k(B) ke(B)—ke(0) relevant work. A recently published theoretical work calcu-
<(0) <(0) : (3 lated the thermal conductivity of a 2D electron gas at low
temperatures and in a quantizing magnetic fiéldlthough
assuming that the phonon conductivity does not depend osome of the assumptions done there may not be valid for
magnetic field. In Fig. & we show three curves calculated graphite, it is interesting to note that this work shows that the
with Egs. (3) and (2) using the measureg(B) at 10 K WF law is violated for small Landau level broadening and at
[curves(1) and(2)] and 6 K(3). Curve(1) was obtained with  low enough temperatures when the diffusion mechanism
the same parameters ag2) but with Ly=2.0 dominates. According to this work the deviations from the
X108 WQ K2, assuming a decreaselof due to the pos- WF law are due to the energy derivatives of the longitudinal
sible influence of the inelastic scattering. electrical conductivity. At low enough temperatures and
From the comparison between the computed curves ansimall level broadening the numerical results show a “two-
the experimental ones one would tend to conclude that Eqgeak” behavior, i.e.x as a function of magnetic field shows
(2) and(3) provide reasonably well the overall decreasecof two maxima in the field region between two neighboring
with field, within the geometrical errors in the measurementplateaus in the Hall resistance. A similar result has been ob-
of both conductivities. Nevertheless we should note that theained in previous theoretical wofR3!In our case, however,
WF law and Eq.(3) do not reproduce accurately the mea-we obtain the striking result thai,(B) decreasen this field
sured field dependence, see Figa)1Due to the electrical region whereacreaseswith field in the plateau region and
resistivity increasda factor~100 from zero field to 1 T at reaches a maximum at the end of the corresponding plateau,
T=<10 K) the electronic contribution, according to the WF see Fig. 3. If we would have localized QP in the field region
law, becomes negligible. Therefore the electronic contribuof the plateau we would naively expect a decrease.0fOn
tion to « should be negligible, e.g., &#>0.4T andT the other hand, the opposite behavior may be also possible,
=10 K, and a saturation ok at larger fields is expected. i.e., an increase of, with field, if the density of interacting
This is not observed experimentally. This means also that th@P would decrease in this field region and the main scatter-
relatively small oscillations observed in the longitudinal re-ing mechanism is given by QP-QP scattering, as in the case
sistivity above 1 T that accompany the features in the Halbf high-temperature superconductdsn this case the theo-
effect(see Fig. 2 should not affeck according to Eq(2) in retical description of the thermal conductivity may become
contrast to the experimental results, see Fi@.IThese re- more complicated to handle.
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According to recently published theofry® a magnetic example, in antimony? The temperature dependence of
field applied perpendicular to the graphene planes opens aexT?4 at 5 K<T<30 K speaks for phonon scattering by
insulating gap in the spectrum of Dirac fermions, associate@rain boundaries and not by electrdn$he inelasticity pa-
with an electron-hole pairing, leading to the excitonic inSU-rametern=v/)\wC (herev is the sound velocityh the mag-
lator state below a field dependent transition temperatureyetic length andw, the cyclotron frequendy that provides
The experimental value of the critical field of the field-driven g estimate of the efficiency of the electron-phonon scatter-
metal-insulator transition in graphite is50 times smaller  ing s —0.01 at 4 T for graphite. Therefore, unless there is
than the predicted in Refs. 7, 33. The discrepancy can bgp intersection of Landau levels that favors acoustic phonon
understood, however, assuming that the Coulomb couplingransitions’® it does not seem that the phonon-electron scat-
given by the dimensionless paramegpr 2me%/eqv (€0 IS tering can be significantly enhanced at high fields in graph-
the dielectric constah{** drives the system very close 10 jio The overall correlation ok(T,B) with the Hall resistiv-

the excitonic instability. In_this case, the threshold fiéld ity indicates that the origin of the oscillations i{B) should
can be well below the estimated value of 2.5 T. The aboveys rejated to a pure QP phenomenon.

analysis, together with the experimental evidence that only |, summary, high-resolution measurements of the mag-
the %erpendmular component of the applied field drives thgetic field dependence of the thermal conductivity in a
MIT,” appear to support the theoretical expectations of &yasj-2D sample of graphite show clear oscillations in the
field-induced excitonic insulator state in graphite. In this cas§uantum limit. The Hall effect for the same sample shows
and according to Ref. 34 we would expect a monotonic degyyantum Hall effect features which are correlated to the fea-
crease ofce(B) with field and a kink aB~B. with a plateau  yres observed in. With the measured longitudinal electri-
region in the insulatinglike state of the QP& B.. Inthe ¢4 resistivity we show that the observed oscillationsxin
temperature range of our experiments the results do not shoWnnot be explained with the original WF law. Lower tem-

a clear kink atB~0.1 T nor a plateau at higher fields and herature measurements as well as an appropriate theoretical
T=6 K, see Fig. 1a), although one may tend to recognize it framework for graphite are highly desirable.
atT=6 KandB~0.5 T when the data are plotted in a linear

field scale, see Fig.(3. At the temperature limit of our
system(5 K) the density of points aB<<1 T is too low to
assure the existence or nonexistence of a kink. Measure-
ments at lower temperatures are needed to enhance the rela-We thank K. Ulrich for his help with the calibration of the
tive contribution of the QP tac and check whether the pre- thermocouple, M. A. Vozmediano, and F. Guinea for fruitful
dicted feature is observable. This issue will be studied in theliscussions and their interest on this work, and E. J. Ferrer
future. and V. P. Gusynin for clarifying details of their theoretical
Can the oscillations inc(B>1 T) be due to the lattice work. This research was partially supported by the DFG un-
contribution «,(B) via electron-phonon interaction as, for der Grant No. DFG ES 86/6-3, FAPESP and CNPg.
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