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Berry phase shift from 2z to = in bilayer graphene by Li-intercalation
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We have found that the Berry phase of bilayer graphene becomes n from 27 estimated by
Shubnikov-de Haas oscillations when the A-B stacked pristine bilayer graphene experiences the
Li-intercalation and sequential Li-desorption process in ultrahigh vacuum. Furthermore, the mobil-
ity of such processed bilayer graphene increases around four times larger, 8000 cm?/V-s, than that
of the pristine bilayer graphene. This is mainly due to increment of the scattering time and decre-
ment of the cyclotron mass, which can be interpreted as a result of the change of the stacking struc-
ture of bilayer graphene from A-B to A-A, corresponding to a change from the parabolic to the
linear band dispersion. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984958]

Monolayer graphene is well known to be a two-
dimensional (2D) Dirac system.'™ However, bilayer gra-
phene (BLG), which is composed of two layers of graphene
stacking together, can be both Dirac and Schrodinger sys-
tems, depending on its stacking structure. When BLG is in
the A-B stacked form, in which the upper graphene is shifted
in-plane by (@ + b)/3 with respect to the lower one, it forms
a 2D Schrodinger system having a parabolic band disper-
sion* (where @ and b are the unit vectors of graphene sheet).
On the other hand, when it is in the A-A stacked form, in
which the lattice of two layers is stacked without lateral shift,
it forms a 2D Dirac system having a linear band disper-
sion.”” This difference between the A-B and A-A stacked
BLGs, of course, causes some difference in their physical
and electronic properties. Especially, the Berry phase is dif-
ferent between the two systems: that of Dirac system is ©
while that of Schrodinger system is 2.

Despite these remarkable characteristics of BLG, the
method of fabricating A-A stacked BLG and its confirmation
by the electrical transport have not been reported yet, except
for the local observation.®'* This is because the A-B stack-
ing is energetically more favorable than the A-A stacking.'!
In a recent study, however, Li-intercalated BLG was found
to take the A-A stacked form with Li atoms intercalated at
the center of the hexagons in the upper and lower graphene
sheets.'? Bulky graphite Li-intercalation compound (GIC) is
also known to be in the A-A stacking.'>'*

In this study, it is suggested, based on the ex situ meas-
urements of Shubnikov-de Haas oscillations, that the A-A
stacked BLG grown on an SiC substrate can be obtained by
desorbing Li atoms from Li-intercalated BLG with heating in
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ultrahigh vacuum (UHV) environment. The results offer a
pragmatic suggestion of fabrication of the A-A stacked BLG.
The samples used in the present study were pristine
BLG (Sample A), Li-intercalated BLG,15 and Li-desorbed
BLG (Sample B). Their RHEED patterns are shown in Figs.
1(a)-1(c), respectively. Sample A was prepared on an n-type
Si-rich 6H-SiC (0001) substrate by heating up to 1550°C in
UHV (3 x 10" Torr). Because the heating temperature and
the keeping time were optimized, we have fabricated BLG.
Usually, although graphene made by such a method contains
coexistence of monolayer and bilayer domains, in our gra-
phene, the dominant structure is bilayer, which is checked
by angle-resolved photoemission spectroscopy and Raman
spectroscopy. As seen in Fig. 1(a), Sample A showed both
the graphene 1 x 1 pattern (indicated by red arrows) and
the buffer layer 6,3 x 6,3 R30° pattern (indicated by blue
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FIG. 1. The RHEED npatterns of (a) pristine BLG (Sample A), (b) the Li-
intercalated BLG, and (c) the Li-desorbed BLG (Sample B). The incident
azimuth of electron beam is [112] of the SiC(0001) substrate. The graphene
1 x 1 pattern (indicated by red arrows), the buffer layer 6,3 x 6,3 R30° pat-
tern (blue arrows), the regularly arranged-Li 3 x (3 R30° pattern (yellow
arrows), and the SiC substrate 1 x 1 pattern (green arrows) are shown. (d)
Temperature dependence of the sheet resistance of Samples A and B. The
insets: (Top) The magnetic field dependence of the sheet resistance at 2 K.
The light green lines are the fitting results by the Kohler’s law. (Bottom)
The magnetic field dependence of the Hall voltage at 2 K.

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4984958
http://dx.doi.org/10.1063/1.4984958
http://dx.doi.org/10.1063/1.4984958
http://dx.doi.org/10.1063/1.4984958
http://dx.doi.org/10.1063/1.4984958
mailto:akiyama@surface.phys.s.u-tokyo.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4984958&domain=pdf&date_stamp=2017-06-06

233106-2 Akiyama et al.

arrows). For preparing Sample B, Li was first deposited on
the BLG using an Li dispenser (SAES Getters) at room tem-
perature in UHV. This Li-intercalated BLG sample showed
an RHEED pattern of |3 x 3 R30° (indicated by yellow
arrows), as shown in Fig. 1(b).%1%16 Such an RHEED pattern
reflects Li atoms arranged regularly in the interlayer space.
Here, the green arrows show the SiC substrate 1 x 1 pattern.
Then, it was heated up at 900 °C to desorb Li atoms until the
y3 % 3 R30° pattern disappeared and the 6,3 x 6,3 R30°
pattern from the buffer layer revived, as shown in Fig. 1(c).
This is Sample B.

The samples were taken out from the UHV chamber and
bonded to Au wires with indium to form the conventional
6-terminal methods. All electrical transport measurements
were performed with physical property measurement system
(PPMS, Quantum Design Inc.).

Figure 1(d) shows the temperature dependence of the
sheet resistance Ry of Samples A and B in the temperature
range of 2-300 K. R increases rapidly at ~100 K in both sam-
ples with decreasing temperature because carriers in the SiC
substrate are frozen out. Thus, Rg below ~70K is not due to
the substrate but solely to the BLG. The small increment of
the Rg at the low temperature <20K is due to the weak (anti-)
localization, as reported in monolayer and BLG."" The top
inset represents the magnetic field dependence of the sheet
resistance at 2 K. To obtain the mobility by the semi-classical
Kohler’s law,?° the magnetic field dependence of resistance at
B =7T was fitted as the light green lines by R(B) ~ 1 + (uB)*
where 1 is the mobility and estimated to be 440 and 350 cm?/
V-s for Samples A and B, respectively. The bottom inset is
the magnetic field dependence of the Hall voltage at 2 K. The
estimated carrier density by the Hall effect of Samples A and
B are 3.7x10%cm % and 5.4 x10"%cm™? with n-type,
respectively.

The two-dimensional material that has high mobility
like graphene can be expected to show quantum oscillations
such as a Shubnikov-de Haas (SdH) oscillation.”'™?® The
results of SAH oscillation enable us to obtain the fundamen-
tal physical properties, such as the Berry phase, cyclotron
mass, scattering time, and mobility. Since SdH oscillations
appear in the longitudinal resistance R, we plotted the
inverse magnetic field dependence of AR, at some
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temperatures (2-20 K) in Samples A and B in Figs. 2(a) and
(b), respectively. AR, was deduced by subtracting the back-
ground in R, which was given by the third polynomial fit.
The amplitude of oscillations decreases with increasing the
temperature in both samples, and the oscillations in Sample
A seem to decrease with temperature more rapidly than in
Sample B. For analysis of the Berry phase, the Landau-level
fan diagram is plotted in Fig. 2(c) for both samples. The
positions of the peak and the valley were estimated by
dR,./dB vs. 1/B graph, as indicated by symbols in Fig. 2(d),
for accuracy. The peak (valley) in AR, was assigned to
the Landau index n (n+ 1/2). Then, the intercept at 1/B =0
in this diagram can be estimated by fitting straight lines
of n=0o/B+ f with the fitting parameters of o and f by
Lifshitz-Onsager quantization rule. When |f| is close to
0.5 (0), the Berry phase is to be m (27). The intercept |f|
for Samples A and B was estimated to be 0.05 = 0.16 and
0.55 +=0.04, respectively. This result indicates that the
Berry phase is shifted from 2n to n by the Li-intercalation
and sequential desorption process, resulting in the change
of carriers from Schrodinger Fermions to Dirac Fermions.
Figure 2(d) shows dR,./dB vs. 1/B at 2K, where the oscilla-
tions of Samples A and B are compared. The definite shift
of the phase in the oscillation between two samples is seen,
which directly corresponds to the shift in the Berry phase. Both
oscillations were fitted to determine the periodicity by dR/
dB =asin(F/B + ¢) + b, as indicated by dashed red and blue
curves, where the fitting parameters are a, F, ¢, and b. The
resultant fitting values of F in Samples A and B are 716 =3 T
and 788 = 6T, and hence the carrier density was estimated to
be 2.8 x 10" cm 2 and 3.0 x 10" cm ™2, respectively.

Figures 3(a) and 3(b) show the oscillatory component of
conductance Aa,, at some temperatures (2-40 K) of Samples
A and B, respectively. The subtracted background to deduce
Ao, is the third polynomial fit for the longitudinal conduc-
tance o, The standard Lifshitz—Kosevich (LK) theory27
gives the temperature dependence of the amplitude in SdH
oscillation as

Ac(T) /A (0) = A(T)/sinh(A(T)). ()

Here, the thermal factor A(T) = 2n*m.,.kpT /hieB, where
Meye is the cyclotron mass and kg is the Boltzmann constant.

a
8( )- 0.3-(b) 13 (C) B Rxx peak > Oﬂd) : :
1%SampleAD Rxx valley ' - 2amp:eg
P @ Rxx peak 15+ — Sample b |
_ 0.2t . 10[Sample BS o Lalley m
2 x o €
= o 8l 5
= | © %
: 0.1} £ 7 =
b s 6f <
o o ~
- ° 5¢ Q
< g 4 =
< 0.0 S &-
2_ g
Sample A | 0T 1 o
2 Ampea ] _ SampleB] 0 . 150 ' 4
0.080  0.090  0.100 0.080 0.090 0.100 0.00 0.05 0.10 0.080 0.090 0.100
1/B (1/T) 1/B (1/T) 1/B (1) 1/B (1/T)

FIG. 2. (a), (b) The inverse magnetic field dependence of the AR, in Samples A and B at some temperatures (2-20 K), respectively. (¢c) The Landau-level fan
diagram of Samples A and B. (d) The plots of dR,,/dB vs. 1/B at 2K in Samples A (red) and B (blue), respectively. The two dashed curves are fitting by sinu-
soidal functions. The filled (open) squares indicate the peak (valley) positions in AR vs. 1/B graph in Sample A. In the case of Sample B, the filled (open)

circles indicate in the same manner.
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FIG. 3. (a), (b) The magnetic field dependence of Ag,, in Samples A and B at some temperatures (2-40K), respectively. (c) The temperature dependence of
the oscillation amplitude in Ag,, at 10.4 and 10.1 T for Samples A and B, respectively. The solid curves are the fit by the LK theory. (d) The relation between
In[AR ,sin(/1)/4Ry/] and 1/B at 2K. The lines are the fitting with the theory of the Dingle plot in Samples A (red) and B (blue), respectively. From the slope of

the lines, T, can be estimated.

The temperature dependence of the oscillation amplitude at
B=10.4 and 10.1T in Samples A and B, respectively, are
shown in Fig. 3(c), where the solid curves are the fitting
results to Eq. (1). The estimated values of m,./m, for
Samples A and B are 0.13 £ 0.04 and 0.09 £ 0.01, respec-
tively, where m, is the electron rest mass. The cyclotron
mass of Sample B is ~30% smaller than that of Sample A.

With the above estimated m,.,., the lifetime of carriers is
given by the Dingle plot.”* " The Dingle theory describes
the oscillations amplitude AR, as

AR.. = 4Rye™*? ] /sinh(}.), )

where R represents the resistance at zero magnetic field and
p = 2n2mcyckBTD /heB. Here, T =h/2nkpt is the Dingle
temperature, where 7 is the total scattering time. In Fig. 3(d),
the inverse magnetic field dependence of In[AR,sinh(4)/
4Ro/] in Samples A and B at 2K is shown. The solid lines
indicate the linear fittings. The t values were calculated from
T which was estimated by the slopes of the fitting lines in
Fig. 3(d). The resultant values of 7 are 0.11 =0.06 ps and
0.40 = 0.20 ps in Samples A and B, respectively. The scatter-
ing time of Sample B is around four times larger than that
of Sample A. Consequently, the mobility p of carriers was
deduced by the relation of = et/m.y. where e is the elemen-
tary charge. The estimated values of p are 1900 cm?/V-s and
8000 cm?/V-s in Sample A and B, respectively. All physical
parameters estimated here are listed in Table 1.

These results can be attributed to a change in the band
dispersion due to the change of stacking structure from the
A-B to the A-A type. The band dispersion of the A-A type is

TABLE I. The physical parameters estimated for Samples A and B at 2 K:
the carrier density by SdH oscillations, the scattering time, the mobility, the
cyclotron mass, and the intercept ff in Landau-level fan diagram.

Sample A B
Carrier density by the Hall effect (cm™2) 3.7 x 10" 54x10"
Mobility by the Kohler’s rule (cm?/V-s) 440 350
Carrier density by SdH oscillations (cm ) 2.8x 10" 3.0x 10"
Scattering time (ps) 0.11 = 0.06 0.40 =0.20
Mobility by SdH oscillations (cm?/V-s) 1900 8000
Cyclotron mass (m.) 0.13 +0.04 0.09 +0.01
Intercept ff in Landau-level fan diagram 0.05x0.16 0.55 +0.04

linear, resulting in the Berry phase of 7, a higher mobility
and a lighter cyclotron mass. Since the Li-intercalated BLG
is reported to be A-A stacked,'” our results suggest that the
A-A stacking is dominant even after Li-desorption. The pos-
sibility of the ABA or ABC stacking structure in Sample B is
denied by the following reason. The number of the stacking
in Sample A is bilayer, and the buffer layer exists even after
Li-desorption process since the RHEED pattern of the buffer
layer is seen as shown by blue arrows in Fig. 1(c). These
facts mean that the number of the stacking in Sample B is
not trilayer. Here, it should be noted that the semi-classical
mobility estimated by the Kohler’s law (~300-400 cm?/V -s)
is inconsistent with the ones estimated by SdH oscillations in
both samples. This is because the cyclotron radius is small
enough (~20nm) to detect only the local properties within
domains, whereas the semi-classical longitudinal resistance
and the Hall effect reflect the properties over many domains
in the whole transport path (~1-2mm). Domain boundaries
between different stackings and ripples in graphene sheets
would be additionally induced by the Li-intercalation and
desorption process. Therefore, the carrier density can also be
affected by such domains. More specifically, since the SdH
oscillation is more contributed by domains having higher
carrier mobility and lower carrier density, the values of car-
rier density and mobility estimated by the Hall effect and the
Kohler’s law are different from those derived from SdH
oscillations.

In summary, we observed SdH oscillations in a pristine
BLG (Sample A) and Li-desorbed one after Li-intercalation
(Sample B) on SiC substrates. Then, we found that the Berry
phase of the A-B stacked BLG (Sample A) was changed
from 2 to 7 by the Li-intercalation and sequential desorption
process (Sample B). This seems to be induced by the change
in the stacking type from A-B to A-A. Accordingly, the
mobility of Sample B becomes around four times larger than
that of Sample A. This fabrication method of the A-A stacked
BLG paves the way for the intensive use of Dirac-Fermion
BLG.

We are grateful to A. Takayama and R. Hobara for a fruitful
discussion. This work was partially supported by a Grant-in-Aid
for Scientific Research (A) (KAKENHI No. JP16H02108),
a Grant-in-Aid for Young Scientists (B) (KAKENHI No.



233106-4 Akiyama et al.

26870086), Innovative Areas “Topological Materials Science”
(KAKENHI No. JP16H00983, JP15H05854) and ‘“Molecular
Architectonics” (KAKENHI No. 25110010) from the Japan
Society for the Promotion of Science.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S.
V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306, 666
(2004).

K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S.
V. Morozov, and A. K. Geim, Proc. Natl Acad. Sci. U.S.A. 102, 10451
(2005).

3A. K. Geim and K. S. Novoselov, Nat. Mater. 6, 183 (2007).

4C. H. Park and N. Marzari, Phys. Rev. B 84, 205440 (2011).

5C. J. Tabert and E. J. Nicol, Phys. Rev. B 86, 075439 (2012).

%Y. F.Hsuand G. Y. Guo, Phys. Rev. B 82, 165404 (2010).

M. Sanderson, Y. S. Ang, and C. Zhang, Phys. Rev. B 88, 245404 (2013).
8p, Lauffer, K. V. Emtsev, R. Graupner, T. Seyller, L. Ley, S. A. Reshanov,
and H. B. Weber, Phys. Rev. B 77, 155426 (2008).

°K. S. Kim, A. L. Walter, L. Moreschini, T. Seyller, K. Horn, E. Rotenberg,
and A. Bostwick, Nat. Mater. 12, 887 (2013).

o 1. Johansson, S. Watcharinyanon, A. A. Zakharov, T. Iakimov, R.
Yakimova, and C. Virojanadara, Phys. Rev. B 84, 125405 (2011).

"TA. L. Rakhmanov, A. V. Rozhkov, A. O. Sboychakov, and F. Nori, Phys.
Rev. Lett. 109, 206801 (2012).

'2N. M. Caffrey, L. I. Johansson, C. Xia, R. Armiento, I. A. Abrikosov, and
C. Jacobi, Phys. Rev. B 93, 195421 (2016).

BN. A. W. Holzwarth, S. G. Louie, and S. Rabii, Phys. Rev. B 28, 1013
(1983).

4y Imai and A. Watanabe, J. Alloys Compd. 439, 258 (2007).

K. Sugawara, K. Kanetani, T. Sato, and T. Takahashi, AIP Adv. 1, 022103
2011).

Appl. Phys. Lett. 110, 233106 (2017)

165, Ichinokura, K. Sugawara, A. Takayama, T. Takahashi, and S. Hasegawa,
ACS Nano 10, 2761 (2016).

D, w. Horsell, F. V. Tikhonenko, R. V. Gorbachev, and A. K. Savchenko,
Philos. Trans. R. Soc. A 366, 245 (2008).

'¥D. J. Bishop, R. C. Dynes, and D. C. Tsui, Phys. Rev. B 26, 773 (1982).

9y, Endo, S. Ichinokura, R. Akiyama, A. Takayama, K. Sugawara, T.
Takahashi, K. Nomura, and S. Hasegawa, “Weak localization in bilayer
graphene with Li-intercalation/desorption” (unpublished).

205, M. Ziman, Electrons and Phonons (Oxford University Press, 1960) p
490.

2IK. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. 1. Katsnelson,
I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov, Nature 438, 197
(2005).

22y, Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature 438, 201 (2005).

23X. C. Yang, H. M. Wang, T. R. Wu, F. Q. Huang, J. Chen, X. X. Kang, Z.
Jin, X. M. Xie, and M. H. Jiang, Appl. Phys. Lett. 102, 233503 (2013).

247, Tan, C. Tan, L. Ma, G. T. Liu, L. Lu, and C. L. Yang, Phys. Rev. B 84,
115429 (2011).

25H.-C. Wu, M. Abid, Y.-C. Wu, C. O. Coiledin, A. Syrlybekov, J. F. Han,
C. L. Heng, H. Liu, M. Abid, and I. Shvets, ACS Nano 9, 7207 (2015).

26C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K.
Watanabe, T. Taniguchi, P. Kim, K. L. Shepard, and J. Hone, Nat.
Nanotechnol. 5, 722 (2010).

2D, Schoenberg, Magnetic Oscillations in Metals (Cambridge University
Press, London, 1984)

2P, T. Coleridge, R. Stoner, and R. Fletcher, Phys. Rev. B 39, 1120
(1989).

29p_T. Coleridge, Phys. Rev. B 44, 3793 (1991).

Ny, 7. Chen, N. Bovet, F. Trier, D. V. Christensen, F. M. Qu, N. H.
Andersen, T. Kasama, W. Zhang, R. Giraud, J. Dufouleur, T. S. Jespersen,
J. R. Sun, A. Smith, J. Nygard, L. Lu, B. Biichner, B. G. Shen, S.
Linderoth, and N. Pryds, Nat. Commun. 4, 1371 (2013).


http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1073/pnas.0502848102
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1103/PhysRevB.84.205440
http://dx.doi.org/10.1103/PhysRevB.86.075439
http://dx.doi.org/10.1103/PhysRevB.82.165404
http://dx.doi.org/10.1103/PhysRevB.88.245404
http://dx.doi.org/10.1103/PhysRevB.77.155426
http://dx.doi.org/10.1038/nmat3717
http://dx.doi.org/10.1103/PhysRevB.84.125405
http://dx.doi.org/10.1103/PhysRevLett.109.206801
http://dx.doi.org/10.1103/PhysRevLett.109.206801
http://dx.doi.org/10.1103/PhysRevB.93.195421
http://dx.doi.org/10.1103/PhysRevB.28.1013
http://dx.doi.org/10.1016/j.jallcom.2006.08.061
http://dx.doi.org/10.1063/1.3582814
http://dx.doi.org/10.1021/acsnano.5b07848
http://dx.doi.org/10.1098/rsta.2007.2159
http://dx.doi.org/10.1103/PhysRevB.26.773
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1063/1.4810880
http://dx.doi.org/10.1103/PhysRevB.84.115429
http://dx.doi.org/10.1021/acsnano.5b02020
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1103/PhysRevB.39.1120
http://dx.doi.org/10.1103/PhysRevB.44.3793
http://dx.doi.org/10.1038/ncomms2394

	f1
	l
	n1
	n2
	n3
	n4
	d1
	f2
	d2
	f3
	t1
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30

