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The (111) surface of SnTe hosts one isotropic I'-centered and three degenerate anisotropic #-centered
Dirac surface states. We predict that a nematic phase with spontaneously broken C; symmetry will occur in
the presence of a perpendicular magnetic field when the N = 0 M Landau levels are 1/3 or 2/3 filled. The
nematic state phase boundary is controlled by a competition between intravalley Coulomb interactions that
favor a valley-polarized state and weaker intervalley scattering processes that increase in relative strength
with magnetic field. An in-plane Zeeman field alters the phase diagram by lifting the threefold A/ Landau-
level degeneracy, yielding a ground state energy with 27/3 periodicity as a function of Zeeman-field

orientation angle.
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Introduction.—Tin telluride (SnTe) is now attracting
great attention as the first topological insulator (TI)
protected purely by crystalline symmetry. Although its
electronic band structure has been understood [1] for
decades, the physical consequences of its band inversion
have only recently been fully appreciated [2]. SnTe has a
rocksalt crystal structure with two interpenetrating face-
centered cubic lattices, and bulk bands that are inverted at
the four Brillouin-zone boundary L points. Its mirror Chern
number becomes nontrivial in mirror-invariant planes that
each contain a pair of L points. Based on this property,
Dirac surface states on selected surfaces respecting mirror
symmetries were first predicted [2] and later observed
[3-5]. The (111) surface of SnTe [6-13] respects three
mirror symmetries, and each protects an anisotropic gapless
Dirac surface state at M and a partner isotropic state at I in
the surface Brillouin zone, as sketched in Fig. 1(a).

In crystalline topological insulators the top and bottom
surfaces of thin films can be electrically isolated [8] by
breaking mirror symmetries on the side surfaces while
leaving them time-reversal invariant. This behavior con-
trasts with the case of strong TI thin films, for which it is
impossible to study single surface electrical properties
because sidewalls can be gapped only by breaking time-
reversal symmetry and generating Hall currents [14]. The
(111) surface of SnTe therefore hosts a unique and
relatively unexplored isolated two-dimensional electron
gas (2DEG) system in which the interplay between
topological surface properties, valleytronics, and many-
body effects is likely to yield unexpected phenomena.

The integer quantum Hall (QH) effect is a hallmark of
any 2DEG system. When a 2DEG has Landau-level (LL)
degeneracies due to spin, valley, and/or layer degrees of
freedom [15-17], the interplay between Landau quantiza-
tion and electron-electron interactions often leads to ground
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states in which symmetries associated with the aforemen-
tioned degrees of freedom are spontaneously broken.
Examples of broken symmetry states of this type, often
referred to as QH ferromagnets, arise in GaAs and AlAs
quantum wells [18,19], single- and multilayer graphene
sheets [20-23], and on the surfaces of silicon [24,25] and
bismuth [26,27]. In all instances of QH ferromagnetism
studied to date, however, the noninteracting LL degeneracy
N has always been even. Thus, one may wonder whether
QH ferromagnetism with odd N exists in some material,
and how in this case the ground state breaks Hamiltonian
symmetries.

Here, we show that the (111) surface of SnTe provides
a platform to explore SU(3) QH ferromagnetism. As
illustrated in Fig. 1, the four Dirac cones on the (111)

FIG. 1. (a) Typical equal-energy contours for gapless Dirac
states on the (111) surface of SnTe. The three mirror invariance
lines are indicated by dotted lines. (b),(c) Single-particle LL
structures of (a). The energy difference between I" and M Dirac
points is 30 meV in (b) and —20 meV in (c). Brown and blue lines
represent the nondegenerate I' LLs and the threefold degenerate
M LLs, respectively. The integer labels in (b) and (c) give LL
filling factors in spectral gaps.
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surface give rise to four LL sequences. The three M LL
sequences are degenerate and related by a C; rotational
symmetry. However, the I'-M LL energy difference is not
restricted by any symmetry and can be tuned [11]. Thus,
there will be field-dependent LL crossings between different
groups of LLs. We focus here on the case in which the
N = Otriplet is at the Fermi energy, well separated from all T
LLs, and 1/3 or 2/3 filled to yield an integer total filling
factor. This triplet has an exact SU(3) flavor symmetry in the
absence of interactions and Zeeman fields, which is a
consequence of the C; symmetry of the crystal and is
analogous to the SU(3) flavor symmetry of the quark model
and the eightfold way. We find that when only the valley-
conserving Coulomb interactions are retained in the theory,
valley symmetry is spontaneously broken to create a nematic
state [28] in which only one valley is occupied. When the
weaker valley-exchange scattering processes are retained, a
broken translational symmetry state with coherence among
three valleys appears beyond a critical magnetic field
strength. An in-plane Zeeman field couples to the nematic
order parameter and influences the competition between
broken rotational and translational symmetry states.

Surface state LLs.—The SnTe (111) Dirac surface states
are described by the k - p Hamiltonians [8]

Hp = ho(kes, — kys,),

Hy, = hvxkf{l)sy - vky)sx, (1)

where v = 4.40 x 10° m/s and v, = 2.55 x 10° m/s [11]
are surface Fermi velocities, A = 1, 2, 3 labels the three
inequivalent M valleys, and s is a surface Dirac pseudospin.
Microscopically, the pseudospins [8,29] are valley-
dependent linear combinations of spin and orbital operators
that transform like spin under time reversal, spatial inver-
sion, and mirror reflection. k() and k() are explicitly
defined in Fig. 1(a) for the M, valley; local momentum-
space coordinates in other valleys are obtained by appro-
priate C; rotations.

In the presence of a uniform perpendicular magnetic
field, the 2D kinetic momenta 7k in Eq. (1) are replaced by
x = hk + eA, where A = (0,—B x). The I" LL energies
are Ey . (T') = £+/2hv>NeB, , reminiscent of the mass-
less Dirac fermion LLs in graphene. Because the M surface
states have anisotropic dispersions with valley-dependent
orientations we define the valley-dependent raising oper-

ators aﬁ ¢/ 2h)(aym, — ipmy), where £ = \/h/eB

is the magnetic length, a, = 5cos@, + in~'sind,, p;, =

n'cos®@, +insinb,, n=+/v,/v, and 0, = 2(1 - 1)x/3.
With these definitions,

(2)

He V20v,.h —ia}
Mﬂ f ia,l 0 '

so that the M LL energies and wave functions are

Ey +(M,) = +/2hv,vNeB |, and

B <¢m>
Yor = 0 )

1 ( D) > 3)
YN>01+ = = at s
NV A= T PN-14

where

dny = A&ie_”‘ﬁ;ff/zHN(fﬂ (4)

Here, Ay, = (2VN!\/z|)|¢)"/? is a normalization factor,
& = (x—k,2%)/(lay|€), and Hy(&) is the Hermite poly-
nomial. Also, note that a¢y = —ia*/|a|v/Ne¢y_, and
ago = 0. In Fig. 1 we plot LL spectra as a function of
B for cases with the I Dirac point above and below the M
Dirac points. All of the I LLs are nondegenerate, whereas
all of the M LLs are threefold degenerate because of the C;
symmetry.

QH ferromagnetism of N = 0 triplet.—We focus here on
the case in which the N = 0 LL triplet is 1/3 or 2/3 filled,
and we ask whether Hamiltonian symmetries are sponta-
neously broken and whether broken symmetries give rise to
charged excitation gaps which would yield an integer QH
effect. Because Coulomb interaction matrix elements are
sensitive to the valley-dependent orientations of the aniso-
tropic cyclotron orbits, the Hamiltonian is not invariant
under rotations in valley space. However, the small size of
the momentum-space cyclotron orbits relative to their
separation implies that the number of electrons in each
pocket is conserved; the only allowed large-momentum
transfer processes simply exchange electrons between
valleys. Broken symmetry ground states are either Ising-
like states in which the three symmetry equivalent valleys
are occupied by different numbers of electrons, or XY-like
states in which coherence is spontaneously established
among the valleys. The Ising-like state is a nematic [28],
which lowers rotational symmetry, while the X Y-like state is
acommensurate charge-density-wave state which breaks the
crystal translational symmetry. Interesting new physics is
most likely to be experimentally accessible when the N = 0
triplet is partially filled because of the large gap separating
N = 0and N # 0 LLs. After projecting to the N = O triplet,
states at 1/3 and 2/3 fillings are related by particle-hole
symmetry within the triplet, allowing us to focus on the 1/3
case. We neglect the possibility of an accidental degeneracy
between the N = 0 M triplet and the I" LL.

We employ the unrestricted Hartree-Fock (HF) approxi-
mation [30] at the integer total filling factors of interest, and
we minimize the energy of single Slater determinant trial
wave functions by solving self-consistent field equations
with 3 x 3 mean-field Hamiltonians of the form
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H?UF = Eoéﬂa + Y%)GAM<1 - 510)

- XéaAo'/l - ZZéTAn(Sﬁm (5)
T#A

where Ej, is the single-particle LL energy and A, = (cjc;)
is the triplet density matrix. X{¢, Y{°, and Z{ are,
respectively, intravalley exchange, intervalley Hartree,
and intervalley exchange integrals. We use an envelope-
function approximation for valley-conserving scattering
processes, which are enhanced by the long-range tail of
the Coulomb interactions and are therefore dominant, and
we approximate intervalley processes using a phenomeno-
logical interaction constant U ~ 2ze?/eK, where K is a
primitive reciprocal lattice vector. It follows that the Hartree
integral is Y{° = (22¢%)"'UF{§(0)F5,(0), and that the
exchange integrals are

de 271’62 ; 2\ ko
Xéﬂ_/(zmz PR Fg (ke (6)
o _ 7 Py o ik ky 2 Wie
“ = (27)? Fo3 (k) Fo(—k)e™hr e, (7)

where € = (egyre + 1)/2 ~20 [31] is the effective dielec-
tric constant and FA3(k) is a form factor that accounts for
the system’s valley-dependent cyclotron-orbit shape:

Jo (1 _ V2 « (k%ery;;k}z,)fz
B = a0t {—mm) } (®)

In the above integrals, W% = 1 — w;; — w,, and W¥ =
1= wpo = woy, withwy, =y /(v; +v5) and y; = B/ a;. 1
the surface states were isotropic (i.e., v = v, and y; = 1),
F{?(k) would reduce to the circular cyclotron-orbit form
factor exp(—k*¢?/4) [30]. The corrections in Eq. (8)
account for the anisotropy of the triplet cyclotron orbits,
and for the 2z/3 differences in anisotropy orientation
illustrated in Fig. 1, which play an essential role in the
interaction physics. Because of the C; symmetry, the
intravalley exchange integral matrix X7° only has two
inequivalent elements, stronger exchange integrals for
electrons in the same valley (Xj) on its diagonal and
weaker exchange integrals for electrons in different valleys
(X(l)’) for its off-diagonal elements. Because we take the
valley-exchange scattering to be short ranged, the inter-
valley integrals have only off-diagonal matrix elements, all
of which have the same value (Y, and Z).

The broken symmetry ground state minimizes the total
energy with respect to the five parameters that characterize
the valley spinor, (r;e', rye>,r;)T. Up to a spinor-
independent constant, the energy per electron is

€ =2((X§ = X§) = (Zo = Y)l(rir3 + 133 + 1377). (9)

The energy of the 1/3-filling ground state is independent of
@1 and ¢, because of separate particle number conservation
in each valley. The spinor-dependent factor in Eq. (9)
reaches its minimum value 0 when the spinor is a single-
valley state (1, 15, r3) = (1,0,0), (0,1,0), or (0,0,1) and its
maximum value 1/3 when the ground state is an equal-
weight three-valley state, (ry, 75, 73) = (1,1, 1)/\/5.

Exchange energies are always stronger between orbitals
that are more similar. Accordingly, the exchange integrals
between electrons in the same valley are stronger than those
between electrons in different valleys (X3 > X > 0)
because of the difference in cyclotron-orbit orientations.
It follows that the ground state is completely valley
polarized unless valley-exchange interactions plays a role.
LL interaction physics in SnTe surface 2DEGs therefore
contrasts strongly with the case of graphene 2DEGs, which
has identical isotropic Dirac cones in two different valleys,
implying that Xj = X?. Broken valley symmetry states at
v = =1 in graphene [32-35] therefore have Heisenberg
character when valley-exchange processes are neglected.

For the relatively modest anisotropy parameter 1 ~ 0.75
of SnTe, we find that the difference between the same-
valley and different-valley exchange energies is small,
X5 — XP =0.0541¢?/ () ~ /B,. The valley-exchange
scattering processes are short ranged and momentum
independent, under which Z, — Y|, is positive and scales
as U/¢* ~B,. This allows the weak valley-exchange
scattering to play a role at stronger fields, favoring a
ground state which has coherence between all three valleys
and is therefore a charge-density-wave state with broken
translational symmetry. For U = 2ze?/eK =0.85 eV nm?,
a first-order quantum phase transition between nematic
valley-polarized and valley-coherent charge-density-wave
states occurs at B =11 T. This behavior contrasts with
graphene [32-35] and monolayer MoS, [36], where there is
no such competition, and the same mechanism induces a
charge-density-wave ground state at all field strengths at
filling factors v = +1.

Zeeman-field effects.—We have so far neglected Zeeman
coupling, which greatly enriches the interaction induced
integer QH effect of SnTe. We write the total magnetic field
as (Bjcos¢,B|sing, B, ), using the coordinate frame
defined in Fig. 1(a) for the crucial in-plane-field orientation
¢. For a general ¢ the Zeeman field breaks mirror
symmetries and couples to the order parameter by produc-
ing valley-dependent single-particle energies [8,37], i.e.,
Ey — Ey+ m, in Eq. (5), with

1 2V2 !
m; =5 agup|——Bjcos(¢p—0;) + 7B, |, (10)

where ¢ is an electron g factor, up is the Bohr magneton,
and a =5?/3 is the real spin weight of the surface
pseudospin [8,37]. The perpendicular field B, does not
break the C; symmetry and contributes only an irrelevant
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[38] valley-independent energy shift of the N = O triplet. In
contrast, the in-plane field B breaks C3 symmetry and lifts
the N = 0 triplet degeneracy. It follows that in-plane fields
can yield an integer QH effect at the 1/3 and 2/3 fillings of
the N = 0 triplet even in the absence of interactions, as
illustrated in Fig. 2(a). When E” is parallel (antiparallel) to
I'-M, the triplet level degeneracy is reduced to a twofold
degeneracy at 1/3 (2/3) filling. When B” is (anti-)parallel
to I'-K, the single-particle gaps at the 1/3 and 2/3 fillings
are nonzero and identical.

Valley-dependent Zeeman coupling competes with elec-
tron-electron interactions, and it greatly enriches the phase
diagram by adding 6€ — Y ,m,r; to Eq. (9). The phase
diagram at egB) = 300 T is illustrated in Fig. 2(b). For
B, < B = (2.81 eVnm?/U)?, interactions prefer a val-
ley-polarized state and ¢ simply selects which valley is
occupied. First-order phase transitions occur at ¢ = 6.
When Zeeman coupling to a parallel field is included, the
abrupt transition from valley-polarized to three-valley-
coherent states is interrupted by a region in which
¢-dependent two-valley-coherent states are stable. The
stability range of the two-valley-coherent state is widest
when ¢ = 6,. Finally, when B is further increased, three-
valley-coherent states finally emerge, but with ¢-dependent
and unequal valley populations. Valley coherence can
therefore be modified and continuously tuned by the
in-plane Zeeman field.

The shape of the phase diagram in Fig. 2(b) is only
weakly dependent on the value of egB). The three
first-order transition lines and B{ are independent of

@ ) 21 g,y
M, \":/
1 mp // s\
4n/3 (M)
< — \\ /' —
£ of < M, o Mizs
2n/3———_ M3
-1 M3 X
0 27/3 471/3 27 0 S My

5 10 15 20
¢ B, (T)

FIG. 2.
V2t gugB /9 as a function of B} orientation. (b) Phase diagram
for the state at 1/3 filling of the N = 0 LL triplet for egB) =
300 T and U = 0.85 eV nm”. The red dot denotes the critical
field B¢ at which a first-order transition occurs between a valley-
polarized and a three-valley symmetric state occurs at B = 0.
The solid blue lines are first-order phase boundaries between
valley-polarized states, and the dashed red lines are continuous
transition boundaries between states with coherence between
different numbers of valleys. The phases labeled by M,, M;;, and
M55 have a full LL spinor that is a coherent superposition of
components involving one, two, and three valleys, respectively.

(a) In-plane Zeeman energies m; in units of

changes in egB). A larger value of egB expands the areas
with two-valley-coherent states to larger B ’s. Stronger
short-range interactions shift B} to smaller values because
intervalley interactions increase in importance. On the other
hand, larger surface state anisotropy would increase the
critical perpendicular field B .

Discussion.—We have shown that because of valley-
dependent anisotropic cyclotron orbits, intravalley elec-
tron-electron interactions in SnTe can reduce rotational
symmetries and lift the threefold degeneracy of the M
valley N = 0 LLs. The physics which drives this broken
symmetry is similar to that responsible for valley-polarized
nematic states in parabolic spinful band systems with an
even number of valleys [39,40]. The triplet case discussed
here is distinguished by its SU(3) order parameter space,
and by the way Zeeman interactions with parallel fields
couple to the order parameter. Zeeman interactions play a
key role because parallel fields break the mirror and C;
symmetries that protect and relate the three M valley
surface Dirac states. We also predict that intervalley
interactions will become important at sufficiently strong
fields and drive a transition from a valley-polarized nematic
state to a commensurate charge-density-wave state with
intervalley coherence.

Although we use a mean-field theory, many of our
predictions are exact when Landau-level mixing is
neglected [41]. Specifically, the phase boundaries between
the valley-polarized states (favored by in-plane Zeeman
fields) and those between the valley-polarized and two-
valley-coherent states are likely to be exact [41] because the
states whose energies we are comparing are the only states
in the relevant Hilbert space with the same quantum
numbers. However, the phase boundaries between the
two-valley-coherent states, which are not exact single-
Slater determinant states, and the three-valley-coherent
region are likely to be modified by quantum fluctuations.

The same physics also occurs in Pb,Sn;_,Se, which may
have higher mobilities than SnTe [4,42]. The first step
experimentally would be to verify our predicted LL
structure using field-angle dependent magnetoresistance
or magnetic torque magnetometry [26,27]. The energies of

the I' and M valley LLs are \/Nv’B, and \/Nvv, B,

respectively. Their crossings, illustrated in Fig. 1, should
lead to pronounced peaks in longitudinal magnetoresist-
ance. Note that the LL crossing fields may be controllable
by varying the surface potential [11], which tunes the
energy difference between the I and M Dirac points. An in-
plane Zeeman field splits the SU(3)-invariant triplets, with
27 /3 periodicity as a function of Zeeman-field orientation.
Since Shubnikov—de Haas oscillations have recently been
observed on the (001) surface of Pb,Sn;_,Se [42], we
expect future progress to be rapid. The phase diagram
Fig. 2(b) is expected to be observable only in low-disorder
samples since the transport activation gaps associated
with broken symmetry states are of the order of
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e?/(ef) ~ 564/B | [T]/e meV. The collective modes [43] of
valley-coherent states are expected to be gapless, while
those of valley-polarized states are expected to be gapped.

We thank Qian Niu for the helpful discussions. X. L. was
supported by the U.S. DOE (Grant No. DE-FGO03-
02ER45958, Division of Materials Science and
Engineering) and the Welch Foundation (Grant No. F-
1255) in Austin, Texas, and is currently supported by JQI-
NSF-PFC and LPS-MPO-CMTC in Maryland. F.Z. is
supported by the University of Texas at Dallas research
enhancement funds. F. Z. also thanks the Aspen Center for
Physics (NSF Grant No. 1066293 and the Trustees Fund)
for its hospitality during the finalization of this work. A. H.
M. is supported by U.S. DOE Division of Materials

Sciences and Engineering Grant No. DE-FGO02-
02ER45958, and by Welch Foundation Grant
No. TBF1473.

*Zhang@utdallas.edu

[1] D. L. Mitchell and R. F. Wallis, Phys. Rev. 151, 581 (1966).

[2] T. H. Hsieh, H. Lin, J. Liu, W. Duan, A. Bansil, and L. Fu,
Nat. Commun. 3, 982 (2012).

[3] Y. Tanaka, Z. Ren, T. Sato, K. Nakayama, S. Souma, T.
Takahashi, K. Segawa, and Y. Ando, Nat. Phys. 8, 800
(2012).

[4] P. Dziawa, B.J. Kowalski, K. Dybko, R. Buczko,
A. Szczerbakow, M. Szot, E. Lusakowska, T.
Balasubramanian, B.M. Wojek, M.H. Berntsen, O.
Tjernberg, and T. Story, Nat. Mater. 11, 1023 (2012).

[5] S. Xu et al., Nat. Commun. 3, 1192 (2012).

[6] S. Safaei, P. Kacman, and R. Buczko, Phys. Rev. B 88,
045305 (2013).

[7]1 J. Liu, W. Duan, and L. Fu, Phys. Rev. B 88, 241303(R)
(2013).

[8] F. Zhang, X. Li, J. Feng, C.L. Kane, and E.J. Mele,
arXiv:1309.7682.

[9] Y. Tanaka, T. Shoman, K. Nakayama, S. Souma, T. Sato, T.
Takahashi, M. Novak, K. Segawa, and Y. Ando, Phys. Rev.
B 88, 235126 (2013).

[10] J. Wang, J. Liu, Y. Xu, J. Wu, B. L. Gu, and W. Duan, Phys.
Rev. B 89, 125308 (2014).

[11] Y. Shi, M. Wu, F. Zhang, and J. Feng, Phys. Rev. B 90,
235114 (2014).

[12] S. Safaei, M. Galicka, P. Kacman, and R. Buczko, New J.
Phys. 17, 063041 (2015).

[13] J. Liu and L. Fu, Phys. Rev. B 91, 081407 (2015).

[14] X. Li, B. Roy, and S. D. Sarma, Phys. Rev. B 92, 235144
(2015).

[15] S.L. Sondhi, A. Karlhede, S. A. Kivelson, and E. H. Rezayi,
Phys. Rev. B 47, 16419 (1993).

[16] M. Rasolt, F. Perrot, and A. H. MacDonald, Phys. Rev. Lett.
55, 433 (1985).

[17] K. Moon, H. Mori, K. Yang, S. M. Girvin, A. H. MacDonald,
L. Zheng, D. Yoshioka, and S.-C. Zhang, Phys. Rev. B 51,
5138 (1995).

[18] I. B. Spielman, J.P. Eisenstein, L. N. Pfeiffer, and K. W.
West, Phys. Rev. Lett. 84, 5808 (2000).

[19] M. Shayegan, E.P. De Poortere, O. Gunawan, Y.P.
Shkolnikov, E. Tutuc, and K. Vakili, Phys. Status Solidi
B 243, 3629 (2006).

[20] B. E. Feldman, J. Martin, and A. Yacoby, Nat. Phys. 5, 889
(2009).

[21] Y. Zhao, P. Cadden-Zimansky, Z. Jiang, and P. Kim, Phys.
Rev. Lett. 104, 066801 (2010).

[22] Y. Lee, J. Velasco, Jr., D. Tran, F. Zhang, W. Bao, L. Jing,
K. Myhro, D. Smirnov, and C. N. Lau, Nano Lett. 13, 1627
(2013).

[23] F. Zhang, D. Tilahun, and A. H. MacDonald, Phys. Rev. B
85, 165139 (2012).

[24] K. Eng, R. N. McFarland, and B. E. Kane, Phys. Rev. Lett.
99, 016801 (2007).

[25] T. M. Kott, B. Hu, S. H. Brown, and B. E. Kane, Phys. Rev.
B 89, 041107 (2014).

[26] L. Li, J.G. Checkelsky, Y.S. Hor, C. Uher, A.F.
Hebard, R.J. Cava, and N. P. Ong, Science 321, 547 (2008).

[27] Z. Zhu, A. Collaudin, B. Fauqué, W. Kang, and K. Behnia,
Nat. Phys. 8, 89 (2012).

[28] S. A. Kivelson, E. Fradkin, and V.J. Emery, Nature
(London) 393, 550 (1998).

[29] F. Zhang, C.L. Kane, and E.J. Mele, Phys. Rev. B 86,
081303 (2012).

[30] R. Coté and A. H. MacDonald, Phys. Rev. B 44, 8759 (1991).

[31] H.R.Riedl, J. R. Dixon, and R. B. Schoolar, Phys. Rev. 162,
692 (1967).

[32] K. Nomura and A.H. MacDonald, Phys. Rev. Lett. 96,
256602 (2006).

[33] M. O. Goerbig, R. Moessner, and B. Doucot, Phys. Rev. B
74, 161407 (2006).

[34] J. Aliceaand M. P. A. Fisher, Phys. Rev. B 74, 075422 (2006).

[35] K. Yang, S. Das Sarma, and A. H. MacDonald, Phys. Rev. B
74, 075423 (2006).

[36] X. Li, F. Zhang, and Q. Niu, Phys. Rev. Lett. 110, 066803
(2013).

[37] F. Zhang, C. L. Kane, and E.J. Mele, Phys. Rev. Lett. 110,
046404 (2013).

[38] Note that the Zeeman effects of B, are distinct [8] for " and
M states.

[39] D. A. Abanin, S.A. Parameswaran, S.A. Kivelson, and
S.L. Sondhi, Phys. Rev. B 82, 035428 (2010).

[40] A. Kumar, S.A. Parameswaran, and S.L. Sondhi, Phys.
Rev. B 88, 045133 (2013).

[41] J. Schliemann and A. H. MacDonald, Phys. Rev. Lett. 84,
4437 (2000).

[42] Y. Okada, M. Serbyn, H. Lin, D. Walkup, W. Zhou,
C. Dhital, M. Neupane, S. Xu, Y. Wang, R. Sankar, F.
Chou, A. Bansil, M. Z. Hasan, S. D. Wilson, L. Fu, and V.
Madhavan, Science 341, 1496 (2013).

[43] 1. B. Spielman, J.P. Eisenstein, L. N. Pfeiffer, and K. W.
West, Phys. Rev. Lett. 87, 036803 (2001).

026803-5


http://dx.doi.org/10.1103/PhysRev.151.581
http://dx.doi.org/10.1038/ncomms1969
http://dx.doi.org/10.1038/nphys2442
http://dx.doi.org/10.1038/nphys2442
http://dx.doi.org/10.1038/nmat3449
http://dx.doi.org/10.1038/ncomms2191
http://dx.doi.org/10.1103/PhysRevB.88.045305
http://dx.doi.org/10.1103/PhysRevB.88.045305
http://dx.doi.org/10.1103/PhysRevB.88.241303
http://dx.doi.org/10.1103/PhysRevB.88.241303
http://arXiv.org/abs/1309.7682
http://dx.doi.org/10.1103/PhysRevB.88.235126
http://dx.doi.org/10.1103/PhysRevB.88.235126
http://dx.doi.org/10.1103/PhysRevB.89.125308
http://dx.doi.org/10.1103/PhysRevB.89.125308
http://dx.doi.org/10.1103/PhysRevB.90.235114
http://dx.doi.org/10.1103/PhysRevB.90.235114
http://dx.doi.org/10.1088/1367-2630/17/6/063041
http://dx.doi.org/10.1088/1367-2630/17/6/063041
http://dx.doi.org/10.1103/PhysRevB.91.081407
http://dx.doi.org/10.1103/PhysRevB.92.235144
http://dx.doi.org/10.1103/PhysRevB.92.235144
http://dx.doi.org/10.1103/PhysRevB.47.16419
http://dx.doi.org/10.1103/PhysRevLett.55.433
http://dx.doi.org/10.1103/PhysRevLett.55.433
http://dx.doi.org/10.1103/PhysRevB.51.5138
http://dx.doi.org/10.1103/PhysRevB.51.5138
http://dx.doi.org/10.1103/PhysRevLett.84.5808
http://dx.doi.org/10.1002/pssb.200642212
http://dx.doi.org/10.1002/pssb.200642212
http://dx.doi.org/10.1038/nphys1406
http://dx.doi.org/10.1038/nphys1406
http://dx.doi.org/10.1103/PhysRevLett.104.066801
http://dx.doi.org/10.1103/PhysRevLett.104.066801
http://dx.doi.org/10.1021/nl4000757
http://dx.doi.org/10.1021/nl4000757
http://dx.doi.org/10.1103/PhysRevB.85.165139
http://dx.doi.org/10.1103/PhysRevB.85.165139
http://dx.doi.org/10.1103/PhysRevLett.99.016801
http://dx.doi.org/10.1103/PhysRevLett.99.016801
http://dx.doi.org/10.1103/PhysRevB.89.041107
http://dx.doi.org/10.1103/PhysRevB.89.041107
http://dx.doi.org/10.1126/science.1158908
http://dx.doi.org/10.1038/nphys2111
http://dx.doi.org/10.1038/31177
http://dx.doi.org/10.1038/31177
http://dx.doi.org/10.1103/PhysRevB.86.081303
http://dx.doi.org/10.1103/PhysRevB.86.081303
http://dx.doi.org/10.1103/PhysRevB.44.8759
http://dx.doi.org/10.1103/PhysRev.162.692
http://dx.doi.org/10.1103/PhysRev.162.692
http://dx.doi.org/10.1103/PhysRevLett.96.256602
http://dx.doi.org/10.1103/PhysRevLett.96.256602
http://dx.doi.org/10.1103/PhysRevB.74.161407
http://dx.doi.org/10.1103/PhysRevB.74.161407
http://dx.doi.org/10.1103/PhysRevB.74.075422
http://dx.doi.org/10.1103/PhysRevB.74.075423
http://dx.doi.org/10.1103/PhysRevB.74.075423
http://dx.doi.org/10.1103/PhysRevLett.110.066803
http://dx.doi.org/10.1103/PhysRevLett.110.066803
http://dx.doi.org/10.1103/PhysRevLett.110.046404
http://dx.doi.org/10.1103/PhysRevLett.110.046404
http://dx.doi.org/10.1103/PhysRevB.82.035428
http://dx.doi.org/10.1103/PhysRevB.88.045133
http://dx.doi.org/10.1103/PhysRevB.88.045133
http://dx.doi.org/10.1103/PhysRevLett.84.4437
http://dx.doi.org/10.1103/PhysRevLett.84.4437
http://dx.doi.org/10.1126/science.1239451
http://dx.doi.org/10.1103/PhysRevLett.87.036803

DALLAS TREASURES

Eugene McDermott Library @UT DO”OS

School of Natural Sciences and Mathematics

SU(3) Quantum Hall Ferromagnetism in Sn'le

©2016 American Physical Society

Citation:

Li, X., F. Zhang, and A. H. MacDonald. 2016. "SU(3) quantum hall
ferromagnetism in SnTe." Physical Review Letters 116(2), doi:10.1103/
PhysRevLett.116.026803.

This document is being made freely available by the Eugene McDermott Library of
The University of Texas at Dallas with permission from the copyright owner. All
rights are reserved under United States copyright law unless specified otherwise.



