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Using magnetotransport to determine the spin splitting in graphite
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Magnetotransport at low temperatures and high-magnetic fields has been used to probe the spin splitting of
the electron and hole Landau bands in natural graphite. Tilting the sample in the magnetic field allows to tune
the Zeeman energy and hence the spin splitting. Due to the movement of the Fermi energy in the magnetic
field, it is necessary to use the full Slonczewski, Weiss, and McClure Hamiltonian to extract the spin splitting.
The effective g factor is found to be g,=2.5%*0.1 with no measurable anisotropy within experimental error.
This value is somewhat larger than the value of the anisotropic g-factor determined using electron spin
resonance, which is attributed to the many body contribution to the transport g factor.
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I. INTRODUCTION

Graphite consists of sheets of hexagonally arranged car-
bon atoms which are weakly coupled in the out of plane
direction, i.e., parallel to the ¢ axis. Graphite is a semimetal
with electron and hole puddles along the H—K—-H edge of
the hexagonal Brillouin zone.! The coupling between the lay-
ers leads to a k, dependent in-plane dispersion relation,
where z is the direction perpendicular to the layers. As the
interplanar distance is roughly 2.5 times the in-plane carbon-
carbon bond length, each layer of carbon atoms can be re-
garded as being independent. Logically, the electrical con-
ductivity is extremely anisotropic with p./p,,= 10% in high-
quality crystals so that graphite can be considered as a quasi-
two-dimensional (2D) system.>? Nevertheless, the band
structure of graphite has resolutely three dimensional origins.
Indeed, the additional degree of freedom provided by the
interlayer coupling modifies the Fermi surface topology for
the lower Landau bands. The signature of such a topological
phase transition, observed recently using the Nernst effect, is
exclusive to three dimensions.?

In a magnetic field the properties of graphite are remark-
ably well described by the Slonczewski, Weiss, and McClure
(SWM) band structure calculations.*> Shubnikov de Haas,
de Haas van Alphen, and thermoelectric measurements
which probe the physics at the Fermi energy, have largely
confirmed the SWM-model of graphite. While orbital effects
have been extensively used to caliper the Fermi surface,%'2
the more subtle spin effects have received less attention. This
is perhaps because the well documented movement of the
Fermi energy in a magnetic field seriously complicates the
extraction of the spin splitting (g factor) from the magne-
totransport data.” Recent advances in experimental tech-
niques, in particular the vastly increased desktop computing
power available for diagonalizing the SWM Hamiltonian,
makes it timely to revisit this problem, extending previous
measurements to higher magnetic fields and lower tempera-
tures.

The g factor of graphite has been precisely measured us-
ing electron spin resonance (ESR). It is anisotropic, and
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close to the free electron value'3>~! due to the small spin-
orbit coupling of carbon.!” However, in accordance with Lar-
mor’s theorem, electron spin resonance is insensitive to
many body effects, and measures the undressed spin splitting
corresponding to neutral excitations. Transport techniques on
the other hand probe charged spin excitations, which include
the exchange interaction due to many body effects. The dif-
ference between the electron spin resonance and the transport
spin splitting is therefore a measure of the importance of
many body effects in graphite.

In this paper, we extend our previous low temperature
investigation of natural graphite'? using tilted magnetic fields
up to B=28 T in order to probe the spin splitting of the
orbital features in the magnetotransport. Since the orbital
motion of the carriers depends only on the perpendicular
component of the magnetic field, the in plane magnetic field
in the tilted configuration can be used to tune the Zeeman
energy. The magnetic field splitting, AB, of the orbital fea-
tures due to the spin degree of freedom, does not show the
expected quadratic increase as a function of the total mag-
netic field. This is direct experimental evidence that the
Fermi energy is not constant but rather moves in the mag-
netic field. The magnetotransport data in tilted magnetic
fields has been analyzed using the SWM model, including a
self-consistent calculation of the Fermi level movement, to
extract the spin splitting, and hence the g factor, g
=2.5%x0.1 for both electrons and holes. The usual simple
model which calculates the magnetic field position for the
spin Landau bands crossing the Fermi energy can explain the
observed AB versus total magnetic field dependence pro-
vided the movement of the Fermi level, taken from the SWM
model, is included. Within experimental error we find no
evidence for an anisotropy of the magnetotransport g factor.
Nevertheless, this result is consistent with previous measure-
ments since our experimental error is comparable with the
reported ESR anisotropy of the g factor.

II. EXPERIMENT

For the measurements mm-size pieces of natural graphite
with a thickness of a few hundred microns were used. The
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FIG. 1. (Color online) (a) R,,(B) for various orientations of the
magnetic field (0° =< 6=90°) showing the rapid decrease in the
amplitude of the magnetoresistance for increasing tilt angles. Quan-
tum oscillations are superimposed on the large magnetoresistance
background. (b)-(c) Background removed signal AR, as a function
of (b) the total magnetic field and (c) perpendicular magnetic field
B, =B cos(#). In (c) the n=1 electron and hole features are indi-
cated by vertical solid lines showing that they depends only on B |
component of the magnetic field.

silver paint contacts were made in an approximate Hall-bar
configuration with the current flowing in the ab plane. The
measurements were performed using a 28 T resistive magnet
and a >He cryostat (7=300 mK), equipped with an in situ
rotation stage. The longitudinal resistance R, (B) was mea-
sured using conventional phase sensitive detection with a
current of 10 nA at 10.7 Hz. The exact orientation of the
rotation stage corresponding to Bllab was determined experi-
mentally by minimizing the magnetoresistance R, .(B) at
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FIG. 2. (Color online) Normalized “fundamental” magnetic field
Br(0=0)/B(6) as a function of the angle for the electron and hole
oscillations. Both electrons and holes show a nearly perfect
cos(#)-dependence (solid line), revealing the large anisotropy of
graphite.

low-magnetic field.® The current through the sample was par-
allel to the magnetic field for Bllab.

III. RESULTS AND DISCUSSION
A. Angular dependence of the quantum oscillations

The longitudinal resistance R,, as a function of the mag-
netic field from B=0-28 T for various orientations between
0=0°(B Lab) and #=90°(Bllab) is shown in Fig. 1(a). In
perpendicular magnetic field (6=0°), R (B) increases by
three orders of magnitude between B=0 T and B=21 T.
Above 21T the resistance decreases signaling the onset of a
charge density wave state.'®2 In the magnetic field range
0<B<8 T, small quantum oscillations due to the majority
electrons and holes Fermi surfaces are superimposed on the
large magnetoresistance background.”'> When the sample is
tilted away from B L ab, the magnetoresistance is strongly
suppressed, which is a clear signature of the highly aniso-
tropic nature of the carrier transport in graphite. Neverthe-
less, the magnetoresistance for #=90° remains considerable.
It is only one order of magnitude smaller than for #=0°.
However, this could be attributed to a small residual B L ab
component of the magnetic field if the sample was slightly
misaligned on the rotation stage preventing the #=90° con-
dition ever being reached. Comparing the #=0° and the 6
=90° data curves, we estimate that an experimentally plau-
sible misalignment of =2.7° would be sufficient to explain
the observed magnetoresistance. Additionally, the lack of
crystal perfection, e.g., the possible misalignment of layers
within the sample, should be considered.?!

For increasing tilt angles the quantum oscillations are
shifted to higher (total) magnetic field. The quantum oscilla-
tions are better seen in the background removed data AR,
[see Fig. 1(b)]. Here the large magnetoresistance background
is removed by subtracting a smoothed (moving window av-
erage) data curve. A Fourier transformation of AR, versus
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(1/B) with the magnetic field applied perpendicular to the
sample plane, gives fundamental frequencies of Bp=6.15 T
and Br=4.50 T for electrons and holes, respectively. In Fig.
1(c) AR,, is shown as a function of the perpendicular mag-
netic field B | =B cos(6). Plotted in this way there is no shift
of the magnetic field position of the quantum oscillations
with the tilt angle showing that their position depends only
on the perpendicular component of the magnetic field. Thus,
the orbital motion of the carriers is effectively confined
within the ab plane (each graphene sheet) due to the ex-
tremely anisotropic conductivity in graphite.”

This quasi-2D behavior is confirmed in Fig. 2 where we
plot the ratio of the “fundamental” frequencies for the holes
and the electrons By(0)/Bg(6) as a function of the tilt angle
6. For the holes the fundamental frequency is obtained from
the Fourier transformation at each angle of the corresponding
AR, versus (1/B) curve. For the electrons we use rather the
position of the n=1 feature since the smaller amplitude of
the electron oscillations at high-tilt angles makes the Fourier
transform unreliable. For both electrons and holes, for angles
up to 8=70°, Bp(0)/Bx(6) shows a nearly perfect cos(6) de-
pendence, indicated by the solid line. The quasi-2D behavior
can be explained by the extreme anisotropy of graphite, i.e.,
the in—plane coupling is much bigger than the out of plane
coupling (p.>p,,).> This means that the carrier motion is
confined to the plane so that the cyclotron energy depends
only on the perpendicular component of the magnetic field
B | . Nevertheless, the system is not strictly 2D and the weak
coupling between the layers gives rise to Landau bands
rather then Landau levels. The oscillations in R,,(B) appear
when the Landau bands “cross” the Fermi energy (when
there is a maximum in the density of states at E/). Whereas
the angle dependence of quantum oscillations has been ex-
tensively studied,%8?223 there has been, to the best of our
knowledge, no detailed study of the spin-splitting of the Lan-
dau bands.

B. Spin splitting

At very low temperatures 7=10 mK, both the electron
and hole features are spin split for magnetic fields B
>1 T."? At the higher temperatures used here (T
~300 mK) spin splitting is resolved only for the high-
magnetic field n=1 electron and hole features. Rotating the
sample in field can be used to extract the g factor since the
spin splitting depends on the total magnetic field, while the
energy of the Landau band depends only on the perpendicu-
lar component of the magnetic field. The experimentally ob-
served splitting AB=B | —B;, where B; and B| are the mag-
netic field positions of the spin up and spin down features
(corresponding to minima in AR,,), is plotted as a function of
the mean total magnetic field position B,,=(B|+B;)/2 for the
n=1 electron and hole features in Fig. 3(a). The magnetic
field splitting of the (n=1) electron and (n=1) hole features
were obtained from the tilted field measurements in Fig.
1(b). For the n=1 electron feature AB departs significantly
from a quadratic behavior ABOCBfn as indicated by the
dashed line in Fig. 3(a).

The failure of AB to follow a simple quadratic behavior is
an experimental signature that the movement of the Fermi
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FIG. 3. (Color online) (a) Magnetic field splitting AB as a func-
tion of the total magnetic field B,,. The broken line is the ABocBi
dependence (fitted to the low field data) expected if the Fermi en-
ergy is constant. The solid line is calculated for the n=1 electron
Landau band using Eq. (5), which takes into account the movement
of the Fermi energy using g,=2.53 (b) Crossing of the n=1 electron
Landau band with Ef in the #=0 configuration calculated using the
SWM model with g,=2.53 as described in the text. The movement
of E; (solid line), is calculated assuming a constant total electron
and hole concentration. The dashed lines indicate linear approxima-
tions for S, and S;. (c) Magnetic field dependence of S, obtained
from the SWM calculations. (d) Calculated dependence of the pa-
rameter a=g,up/(S,~Sy) as a function of 1/B,, with g;=2.53. The
solid line is fitted using a second-order polynomial.

energy must be taken into account when extracting the g
factor. A simple expression can be derived from the crossing
points of a given spin up and spin down Landau band and the
Fermi energy,

_ gs/J’BBm _ aBm
(S, - Sp)cos(6) " cos(6)’

where S,=AE,/AB is the slope of the n-th Landau band
and S;=AE;/AB | is the slope of the Fermi energy in the n-th
Landau band obtained from the two crossing points as illus-
trated for the 6=0 configuration in Fig. 3(b). The angle 6 can
be taken from experiment, however, a simple expression can
also be derived,

AB (1)

JipAB N
B +355; Bl +%AB
cos(6) = — = , (2)
B, B,

where B’ is the perpendicular magnetic field position for the
crossing of the (non spin split) n-th Landau band and the
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TABLE I. Summary of the SWM tight binding parameters used
here.

(eV) (eV)
% 337+0.02 4 0.07%0.01
Y 0.3766 £0.05 Vs 0.05+0.01
v ~0.025 +0.001 Ye ~0.007
V3 0.31+0.05 Ef -0.0287

Fermi energy [see Fig. 3(b)]. For both equations we have a
single independent dimensionless fitting parameter «
=g,mp/ (S,—Sy). Thus, to extract the g factor it is necessary
to know both S, and S, In addition, any analysis which
neglects the movement of the Fermi energy (S,=0) will over-
estimate the g factor. Eliminating cos(6) from Egs. (1) and
(2) gives,

2 2
aB;, _ aB;,

AB=—" =8
B" +%AB B’

3)

since <1, so that to a good approximation B’ >{AB.
Equation (2) shows that the experimentally accessible B,, has
some physical significance since B,, cos(6)=B"| to a good
approximation. This also implies that Eq. (2) should not be
used to extract the g factor since the shift in the perpendicu-
lar magnetic field value of the spin split features (§AB) is too
small to be reliably determined from experiment. Neglecting
the movement of the Fermi energy, the model predicts AB
« B2 in contradiction with experiment. The dashed line in
Fig. 3(a) is fitted to the #=0 data point assuming ABx B2 . It
does not well reproduce the data set and also requires, if we
assume S,=0, an unrealistically large g factor (g,~6.5).

The fact that for a given total magnetic field the splitting
AB of the (n=1) hole and electron Landau bands are the
same is at first sight surprising since the effective mass for
electrons (0.054 m,) and holes (0.028 m,) are fundamen-
tally different.>*?> However, we will see that this is fully
consistent with the predictions of the Slonczewski, Weiss,
and McClure band structure calculations when the movement
of the Fermi energy is included.

C. Slonczewski, Weiss, and McClure model

In order to extract the g factor, we use the SWM band
structure model*® with its seven tight binding parameters
Yos---» Ve as described in Ref. 12. For y; # 0, the magnetic
field Hamiltonian has infinite order, which was numerically
reduced to a 600X 600 matrix for the exact diagonalization
procedure. Since the orbital motion of the carriers depends
only on the perpendicular component of the magnetic field,
the effect of the in-plane magnetic field can be incorporated
into the SWM model through an effective spin splitting A,
=g.ipB | Where the real g factor g,=g.¢ cos(6). Note, that
the aperiodicity of the magneto oscillations at high-magnetic
fields is inherent to the SWM model.? In graphite, E s moves
with the applied perpendicular magnetic field as carriers are
transferred between the electron and hole pockets.® The
Fermi level has to be calculated self-consistently assuming
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FIG. 4. (Color online) (a) Spin splitting A, for the electron and
hole Landau bands, obtained by fitting the SWM model to the data
in Fig. 3(a), as a function of the magnetic field. The solid line is a
linear fit to the data giving g,=2.53. The dashed line corresponds to
the free electron value of g,=2. (b) The SWM g factor for each data
point in (a). The thick dashed line corresponds to g,=2.53 while the
thin dashed lines correspond to the anisotropic electron spin reso-
nance g factors. (c) SWM calculation of the slope S, of the electron
and hole Landau bands where they cross the Fermi energy as a
function of the perpendicular magnetic field component.

the sum of the electron and hole concentrations is constant,
n—p=ny. As in Ref. 12, we have used ny=-2.4
% 10'7 ecm™. At each angle, the effective spin splitting is
found for which the SWM model gives the correct magnetic
field position for the crossing of the spin up and spin down
Landau band with the Fermi energy. Fitting to the spin split
high-magnetic field data requires a slight refinement of the
SWM parameters, and the values used are given in Table I.
Compared to our previous work'? the changes are small, with
the parameters vy, and 7, changing by only 3%—4%.

Figure 4(a) shows the result for the spin splitting A, ex-
tracted from the SWM calculations as a function of the total
magnetic field for the n=1 hole and the n=1-4 electron
Landau bands. The data for the n>1 electron features, taken
from Ref. 12, was measured only for the #=0 configuration
at T=10 mK. The spin splitting is similar for both the elec-
tron and holes Landau bands at a given total magnetic field.
A, increases linearly with magnetic field and a linear fit to
A,=g,upB,, (solid line) for both electron and hole Landau
bands gives g,=2.5*+0.1. While the value of g, found here is
similar to the value published by Woollam a comparison is
not really meaningful since in Ref. 7 the SWM parameter y;
was neglected.

Alternatively, the g factors calculated from each data
point in Fig. 4(a) (using A;=g,uzB,,) are plotted in Fig. 4(b).
Within experimental error there is no magnetic field (angu-
lar) dependence of the g factor, which is also consistent with
the linearity of A, versus B,,, and justifies a posteriori, our
neglect the g-factor anisotropy in the analysis. Anisotropy
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can be included in our analysis simply by writing Aj
=g.ipB | Where g.p=g.+g, tan(6). However, the scatter
in the data [see Fig. 4(b)] is comparable to the anisotropy
observed in electron spin resonance measurements. Thus, the
anisotropy is too small to be observed in the transport data. A
value of g,=2.5%*0.1 is also consistent with the very simple
estimation made from the magnetic field at which spin split-
ting occurs, (B,~1 T), and at which the Shubnikov de Haas
oscillations start (B,~0.07 T) in the perpendicular configu-
ration and at T=10 mK.!> Assuming the Landau level broad-
ening to be independent of the magnetic field we can write
g mupB.=heB./m" where m*=0.056m, is the electron effec-
tive mass,?’ so that g;=~feB./m"ugB.~2.5.

Electron spin resonance measurements in graphite,
give a low temperature anisotropic g factor of g,,=2.003 for
Bllab and g.=2.15 for Blic. These values are close to the
free-electron value of g=2.0023 as expected for carbon with
its small spin-orbit coupling parameter A.'7 In accordance
with Larmor’s theorem, optical techniques measure the split-
ting corresponding to neutral (k=0) transitions and are there-
fore insensitive to many body corrections. Magnetotransport
measurements, on the other hand, are sensitive to long wave-
length charged excitations which include the many body
(Coulomb) contribution to the spin splitting. The signifi-
cantly larger value of g,=2.5%*0.1 found here in transport
measurements is therefore attributed to the many body (ex-
change) enhancement of the spin splitting. In two dimen-
sions, the enhanced spin gap can be written,??

15,16

2
n,—n, e
bt A (4)

A = B + s
s = 8MBDp, nT+nL8€B

where g differs from the free electron g factor due to the
spin-orbit coupling in graphite and the magnetic length €5
=v#h/eB" depends only on the perpendicular component of
magnetic field. This implies that for given Landau band
crossing E, the Coulomb energy e?/el is constant. There-
fore, to reproduce the observed linear dependence of Ay(B,,)
a linear increase in the spin-polarization (n;—n,)/(n,+n)) as
a function of B,, is required. To verify this a self-consistent
calculation of the spin polarization is required since the spin
splitting depends on the polarization and vice versa. How-
ever, to a first approximation the spin polarization will vary
as OE-D(E,) where SE=guz0B,, and D(E/) is the density of
states at the Fermi level, i.e., linearly with the magnetic field.

D. Spin splitting including the movement
of the Fermi energy

We can also extract from the SWM model the slope of the
Landau bands, which do not depend on the parallel magnetic
field component. The slope of the electron and hole Landau
bands when they cross the Fermi energy are summarized in
Fig. 4(c). The movement of the Fermi energy within the n
=1 electron band can be reproduced in a rather simple way
based on the results of SWM calculations in the =0 con-
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figuration illustrated in Fig. 3(b). The Fermi energy move-
ment within the spin split Landau band can be fitted nearly
perfectly by a second-order polynomial. From the SWM cal-
culations, we know that the slope of E; at B is to a good
approximation constant i.e., independent of the spin splitting
(angle). Using this fact, the Fermi energy movement for a
given angle can be approximated by shifting the 6=0
second-order polynomial [equivalent to writing the polyno-
mial with coordinates (B—B))] and extrapolating the behav-
ior of E to lower magnetic fields. The calculated slope of the
Fermi energy movement within the (n=1) electron Landau
band is given in the Fig. 3(c). From Eq. (3), it is obvious that
it is the magnetic field dependence of S £ and therefore of «,
which leads to the nonquadratic behavior of AB as a function
of the total magnetic field.

In order to compare the predictions of Eq. (3) with the
measured AB versus B,,, we need to include the magnetic
field (angular) dependence of the dimensionless parameter «.
In Fig. 3(d), the calculated value of « is plotted versus the
inverse magnetic field for the n=1 electron Landau band.
Here, a=g,uzB/(S,~S)) is calculated using g,=2.53, S,
=3.576 meV/T, and SKB,), extracted from the SWM
model. a(1/B,,) is well approximated by a second-order
polynomial (solid line) with the coefficients shown in
Fig. 3(d). Substituting the second-order polynomial for « in
Eq. (3) gives,

AB = L(azBlzﬂ + aB,, — ap). (5)
B

The predicted variation of AB versus B,, for the n=1 electron
Landau band, calculated using the coefficients «g,a;,a;
given in Fig. 3(d) is indicated by the solid line in Fig. 3(a).
The agreement between the data and the simple model is
remarkable confirming our hypothesis that the observed de-
viation from the simple ABOCBfn dependence is due to the
movement of the Fermi energy, which in turn leads to a
magnetic field (angular) dependence of the dimensionless pa-
rameter a.

IV. CONCLUSION

Magnetotransport measurements have been analyzed us-
ing the full Slonczewski, Weiss, and McClure band structure
calculations for graphite in a magnetic field. Using tilted
magnetic fields to tune the Zeeman energy, we extract an
effective g factor g,=2.5+0.1 for both the electron and hole
Landau bands. This is significant larger than the g factor
obtained using electron spin resonance showing the impor-
tance of many body effects in graphite.
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