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Recent experiments have explored two-dimensional electron gases (2DEGs) at oxide (111) surfaces and
interfaces, finding evidence for hexagonal symmetry breaking in SrTiO3 at low temperature. We discuss
many-body instabilities of such (111) 2DEGs, incorporating multiorbital interactions in the t2g manifold
which can induce diverse magnetic and orbital orders. Such broken symmetries may partly account for the
observed nematicity, cooperating or competing with phonon mechanisms. We present an effective field
theory for the interplay of magnetism and nematic charge order, and discuss implications of the nematicity
for transport and superconductivity in (111) 2DEGs.
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Introduction.—Transition metal oxide heterostructures
and interfaces can realize exotic low-dimensional electronic
phases and allow for engineering oxide-based devices [1].
Extensive research [2–24] has focused on the two-dimen-
sional electron gas (2DEG) at the (001) LaAlO3-SrTiO3

(LAO-STO) interface induced by a combination of the
polar catastrophe and oxygen vacancies. This 2DEG shows
evidence of correlated magnetism in torque magnetometry
and scanning SQUID measurements [10,11]. In addition, it
exhibits superconductivity (SC) [6,25] which may be tied
to that of doped bulk STO, though the interface might
harbor modulated SC pairing [26] or Majorana modes [27].
Recently, various groups have started to probe 2DEGs at

oxide (111) surfaces and interfaces, for instance induced by
photon [28] or ion [29,30] irradiation at the (111) STO
surface, as well as that at the (111) LAO-STO interface
[31–35]. Part of this interest stems from proposals for
realizing topologically nontrivial phases along this growth
direction [36–43]. The [111] growth direction is polar for
STO due to alternating Ti4þ and ðSrO3Þ4− layers, and the
internal electric fields could lead to stronger confinement
[44] of the (111) 2DEG, potentially enhancing correlation
effects relative to (001) 2DEGs. Angle resolved photo-
emission spectroscopy (ARPES) on the (111) STO surface
reveals a Fermi surface (FS) composed of all three t2g
orbitals, which appears to preserve the expected hexagonal
symmetry [28,29]. However, very recent experiments have
discovered, via measurements of magnetotransport [30–33]
and the resistive transition into the SC state [35], that this
(111) 2DEG exhibits an anisotropy which sets in at low
temperatures, spontaneously breaking the hexagonal sym-
metry. While a weak resistive anisotropy may arise from the
∼100 K pseudocubic to pseudotetragonal transition of bulk
STO [45], the onset temperature seen in these experiments
is much lower, Tani ∼ 4–30 K depending on the sample and

the electron density. For bulk STO, it is known that the
transition into the pseudotetragonal phase is sensitive to
stress along the [111] direction [46], and proceeds via an
intermediate trigonal phase; it remains to be tested if the
lower symmetry at the (111) surface or interface leads to a
low temperature surface phonon instability.
In light of these developments, it is in any case also

important to consider the impact of electron-electron
interactions on (111) 2DEGs, in order to (i) study possible
interaction induced many-body instabilities, and (ii) ask if
there are electronic mechanisms for the observed anisot-
ropies of the (111) 2DEG which may cooperate or compete
with phonon instabilities. Such an interplay has been
actively investigated in the iron pnictide superconductors
(see Ref. [47] for a review).
Motivated by these questions, we examine a model for

t2g electronic states of the (111) STO surface 2DEG, which
is consistent with the ARPES measurements, and study
its instabilities driven by multiorbital interactions. Our
main findings, summarized in Figs. 1 and 2, based on a
combination of random phase approximation (RPA) cal-
culations supplemented by mean field theory, is that there is
a range of densities over which this 2DEG is unstable to
ferromagnetic (FM) or antiferromagnetic (AFM) order,
accompanied by ferro-orbital order. Even if thermal fluc-
tuations melt such magnetic orders in two dimensions, the
orbital order and the fluctuating magnetism are expected to
survive to higher temperatures, leading to a nematic fluid
[48–53] which breaks hexagonal symmetry. We present
a Landau theory of this nematic, and discuss implications
for transport measurements and superconductivity. Such
nematicity induced by orbital or spin order has been
previously considered for the (001) 2DEG [23,54–56].
Our results should be broadly applicable to a wide class of
oxide (111) 2DEGs.
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Model.—We begin with a tight-binding model of Ti t2g
orbitals on a 2D triangular lattice that captures the FS seen
in ARPES [28,29] for the (111) 2DEG at the STO surface:

H0 ¼
X

kll0σ

c†lσðkÞhll0 ðkÞcl0σðkÞ; ð1Þ

with l≡ yz, zx, xy, and

hðkÞ ¼

0
BB@

ϵck þ ηabk γak γbk
γak ϵbk þ ηcak γck
γbk γck ϵak þ ηbck

1
CCA; ð2Þ

where ϵαk ¼ −2t cos kα and ηαβk ¼ −2t⊥ðcos kα þ cos kβÞ
determine the intraorbital dispersionwhich leads to elliptical
FSs, while γαk ¼ −2t0 cos kα captures weak interorbital
hopping. Here we have defined kα ¼ k · α̂ (α ¼ a, b, c),
with â ¼ x̂, b̂ ¼ x̂/2þ ŷ

ffiffiffi
3

p
/2, and ĉ ¼ −x̂/2þ ŷ

ffiffiffi
3

p
/2.

We work in units where the triangular lattice constant d ≈
5.66 Å is set to unity. The ARPES data [28,29] can be
reasonably fit by choosing t ¼ 320 meV and t⊥ ¼ 0.04t,
and an electron density of n̄ ¼ 0.3 electrons per site,
corresponding to 1014 cm−2; we therefore study a range
of densities around this value. The interorbital terms appear
to be small; for concreteness, we set t0 ¼ −0.04t. The
resulting FSs are shownoverlaid on the paramagnetic phases
in Fig. 2. The real 2DEGwave functions will be spread over
a few layers, soH0 should only be viewed as the simplest 2D
tight-binding parametrization of the ARPES data. We omit
spin-orbit coupling (SOC), but comment on its effects later.
The local multiorbital interactions are

Hint ¼ U
X

il

nil↑nil↓ þ
1

2
V
X

il≠l0
nilnil0

− J
X

il≠l0
Sil · Sil0 þ J0

X
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c†il↑c

†
il↓cil0↓cil0↑: ð3Þ

where i denotes the site and l the orbital. Below, we fix
V ¼ ðU − 5J/2Þ and J0 ¼ J as appropriate for t2g orbitals,
and explore broken symmetry states driven by varying the
interactions J/t, U/t. These interactions should be scaled
down compared to atomic values by the number of layers
over which the 2DEG is spread.
RPA analysis.—To identify the leading weak-coupling

instabilities we use an unbiased multiorbital RPA

approach [57], with the matrix response χðc;sÞRPAðq;ΩÞ ¼
χ
0
ðq;ΩÞ½1 −Uðc;sÞχ
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FIG. 2. Zero temperature phase diagram of the (111) 2DEG as a function of the Hubbard repulsion U/t and Hund’s coupling J/t for
densities (a) n̄ ¼ 0.15, (b) n̄ ¼ 0.30, (c) n̄ ¼ 0.45 within a single-Q spiral mean field theory. The different metallic phases are the PM,
AFM-1, ICS, and a FM phase at large Hund’s coupling. The PM phases depict the noninteracting Fermi surfaces. (d) Real space MFT (at
n̄ ¼ 0.3, T ¼ 0.02t) showing that the commensurate AFM order might support regimes of multi-Q orders (AFM-2, AFM-3). TheN FM,
ICS, AFM-1, and AFM-2 phases coexist with ferro-orbital order which will lead to transport anisotropies.

FIG. 1. The dominant three eigenvalues λðc;sÞ (c ¼ charge,
s ¼ spin) of the matrix product Uðc;sÞχ

0
ðq;Ω ¼ 0Þ, plotted along

high symmetry lines of the BZ, with t ¼ 1, U ¼ 2,
t⊥ ¼ −t0 ¼ 0.04, and T ¼ 0.02, for fixed density n̄ ¼ 0.3, and
varying Hund’s coupling J/t. Line color (red, green, blue)
indicates relative weight of orbitals (respectively, xy, xz, yz) in

the orbital-diagonal part of the eigenvectors jfðc;sÞll j2; thickness
indicates total weight,

P
ljfðc;sÞll j2. The dominant instability is in

the spin channel, being antiferromagnetic (near M) for small J
and ferromagnetic (at Γ) for large J. In the charge channel, the
leading instability at small J is a twofold degenerate mode at Γ
corresponding to ferro-orbital order.
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is the bare response function (see the Supplemental
Material [58]). Here, N is the number of sites, c and s,
respectively, denote charge and spin responses. The non-
zero interaction vertex matrices are

ðUcÞll;ll ¼ −U; ðUcÞll0;ll0 ¼ −2V;

ðUcÞll;l0l0 ¼ V −
3

2
J; ðUcÞll0;l0l ¼ −2J0; ð5Þ

ðUsÞll;ll ¼ U; ðUsÞll0;ll0 ¼ J;

ðUsÞll;l0l0 ¼
1

2
J − V; ðUsÞll0;l0l ¼ 2J0; ð6Þ

where l ≠ l0. When the largest eigenvalue of
Uðc;sÞχ

0
ðq;Ω ¼ 0Þ is λðc;sÞðqÞ ¼ 1, the response function

diverges, indicating an instability towards an ordered state,

with corresponding eigenvectors, fðc;sÞll0 ðqÞ. Figure 1 shows
the largest eigenvalues, λcðqÞ and λsðqÞ, along high
symmetry lines in the Brillouin zone (BZ) for n̄ ¼ 0.3,
U/t ¼ 2, and temperature T/t ¼ 0.02, demonstrating the
emergence of various instabilities as we vary Hund’s
coupling. For our choice of experimentally motivated
parameters, the leading instabilities are nearly orbital

diagonal, fðc;sÞll0 ðqÞ ≈ fðc;sÞl ðqÞδll0 .
When J ¼ 0, the Hubbard interaction U drives a leading

instability in the spin channel, with q generically incom-
mensurate (close to the M points of the BZ for the range
of densities investigated), with all the weight on a single
orbital. This instability indicates a tendency towards
incommensurate spiral or commensurate stripe antiferro-
magnetic order—for each orbital in a different direction. In
the charge channel, we find a subleading instability, with
two degenerate eigenvalues at q ¼ 0, indicating a tendency
towards ferro-orbital order which will lead to nematicity
associated with broken lattice rotational symmetry. With
increasing J, the AFM instability gives way to a ferro-
magnetic instability seen in the spin response at the Γ point.
At the same time, the ferro-orbital response is strongly
suppressed. Below, we use mean field theory (MFT) in
order to further characterize the broken symmetry phases.
Mean field theory.—We study the phase diagram of our

model, Eqs. (1)–(3), using a momentum space MFTwithin
a single-Q spiral ansatz with a spatially uniform but orbital-
dependent density. This is captured by a Hamiltonian,
Hvar ¼ H0 −

P
ilðϕl þ μÞnil −

P
ilbl · SileiQ·ri , which

we use to generate variational ground states jψvari at the
desired charge density by tuning μ. The fields ϕl, bl,
and the wave vector Q are selected to minimize
hψvarjH0 þHintjψvari (see the Supplemental Material [58]).
Figures 2(a)–2(c) shows the MFT phase diagrams for

densities n̄ ¼ 0.15, 0.30, 0.45. Broadly, we find three
phases consistent with RPA: (i) a paramagnetic (PM) metal
where ϕl ¼ 0, bl ¼ 0, (ii) a commensurate stripe-AFM
(AFM-1) or incommensurate spiral (ICS) metal driven by

U, where ϕl ≠ 0 and bl ≠ 0, which has higher density in
one of the three orbitals, and (iii) a FM metal driven by
Hund’s coupling where bl ¼ b, and Q ¼ 0, either having
the same density in all orbitals (FM), or with one orbital
having a lower density than the other two (i.e., a nematic
FM: NFM). Interestingly, we find a direct (generically
first-order) transition from the PM into the AFM-1 phase
for all three densities, in contrast to the RPA which finds
AFM-1 only at a fine-tuned density.
To go beyond the single-Q ansatz, we have also studied

the commensurate AFM order by minimizing the free
energy at T ¼ 0.02t assuming a 2 × 2 unit cell. The result
for n̄ ¼ 0.3 is shown in Fig. 2(d) (see also the
Supplemental Material [58]); we find reasonably good
agreement with the single-Q MFT, but discover small
regimes where the single-Q order gives way to multi-Q
condensates where two (AFM-2) or three (AFM-3) wave
vectors are simultaneously present. A robust feature is the
presence of simultaneous AFM and ferro-orbital order in
the AFM-1 and AFM-2 phases. A similar competition
between single-Q and multi-Q phases also appears in
single-orbital honeycomb and triangular lattice Hubbard
models [59,60].
The NFM, AFM-1, AFM-2, and ICS phases feature

discrete ferro-orbital order which breaks the hexagonal
lattice symmetry. Thus, even if fluctuations melt the
magnetic order itself, there may be large regimes in the
phase diagram where the electronic nematicity survives.
Below we use Landau theory to further understand this
interplay of magnetism and nematicity.
Effective field theory.—Landau theory is a powerful tool

to analyze magnetic orders [17] and study spin textures
such as Skyrmions, which might arise at the (001) LAO-
STO interface [56]. For the (111) 2DEG, our RPA analysis
suggests that the soft electronic modes include a complex
nematic charge mode ψn ¼ δρxy þ ωδρyz þ ω2δρzx (with
ω ¼ ei2π/3) constructed from the slowly varying orbital
densities δρl at the Γ point, and the spin modes, φ⃗0 at the Γ
point, and φ⃗α at the magnetic wave vectors Qα (α ¼ 1, 2,
3), which can describe both FM and AFM orders. Since the
interorbital hopping is small, φ⃗1;2;3 ∼ φ⃗xy;yz;zx but with
weak orbital admixture. The spin modes φ⃗α are complex
for incommensurate Qα, and real if Qα corresponds to the
commensurate M points. The nematic order parameter ψn
transforms under anticlockwise lattice π/3 rotations as
ψn → ω2ψn, and under reflections about the x̂ axis as
ψn → ψ�

n. Turning to the spin modes, φ⃗0 is invariant under
lattice symmetries, anticlockwise π/3 rotations lead to
φ⃗1 → φ⃗2, φ⃗2 → φ⃗3, φ⃗3 → φ⃗�

1. Under spin rotations, ψn is
invariant but all spin modes undergo SOð3Þ rotations,
φ⃗0;α → Rφ⃗0;α. Time reversal sends φ⃗0;α → −φ⃗0;α. Armed
with this, the mean field Landau free energy is
F ¼ R

d2xðLψ þ Lφ þ LψφÞ, with
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Lψ ¼ rψ jψnj2 þ wψðψ3
n þ ψ�3

n Þ þ uψ jψnj4 þ…; ð7Þ

Lφ ¼ r0φ⃗0 · φ⃗0 þ rQ
X

α

jφ⃗αj2 þ…; ð8Þ

Lψφ ¼ −λ1ðψ�
nSn þ ψnS�

nÞ − λ2jφ⃗0j2jψnj2; ð9Þ

where we have defined a complex magnetic nematic order
Sn ¼ jφ⃗1j2 þ ωjφ⃗2j2 þ ω2jφ⃗3j2, which transforms analo-
gous to ψn. In this effective field theory, the PM phase
corresponds to ðrψ ; r0; rQ > 0Þ, the FM phase corresponds
to ðr0 < 0; rψ ; rQ > 0Þ, and the various AF phases corre-
spond to ðrQ < 0; r0 > 0Þ. Note that we never find a
ground state nematic charge order unaccompanied by spin
order in the MFT. The various types of AF orders will be
dictated by higher order (quartic and sixth order) terms
denoted above by ellipses. In turn, this can lead to a
“pinning field” for the charge nematic order via the cubic
interaction λ1 in Lψφ; our mean field results indicate wψ , λ1,
λ2 > 0. Below, we discuss some implications of this
Landau theory, deferring its microscopic derivation to a
future publication.
(a) Incommensurate spiral (ICS)—For the generic

incommensurate instability, the simplest spin order (which
will not lead to any charge modulation) is a single-mode
coplanar spiral at oneQα, with the complex φ⃗α ¼ Ω̂1 þ iΩ̂2

and Ω̂1 · Ω̂2 ¼ 0. This leads to Sn ∼ ωα−1, so the cubic
interaction λ1 > 0 will pin ψn ∼ ωα−1, causing density
enhancement in orbital α.
(b) Commensurate AFMorder—For commensurate stripe

AFM order,Qα ≡Mα, in which case φ⃗α are real fields. This
case, for which we have also carried out a real space MFT,
leads to three orders. (i) AFM-1 has condensation at a single
Mα, which corresponds to a collinear stripe order with
φ⃗α ∼ Ω̂1. This hasSn ∼ ωα−1, which pinsψn ∼ ωα−1, leading
to a charge nematic order similar to the ICS state. (ii) AFM-2
features condensation at a pair of wave vectorsMα,Mβ, with
hφ⃗αi ∼ Ω̂1 and hφ⃗βi ∼ Ω̂2. This state can be either collinear,
Ω̂1 ¼ Ω̂2, or coplanar, Ω̂1 · Ω̂2 ¼ 0. In both cases, however,
Sn;ψn ∼ ωα−1 þ ωβ−1, displaying charge nematic order.
(iii) Finally, AFM-3 is a triple-Q spin crystal, similarly
featuring either collinear or noncoplanar tetrahedral order
of the spins. Both cases are obtained by condensation at all
three M points, with hφ⃗1;2;3i ∼ Ω̂1;2;3, and Sn ¼ 0, so no
charge nematic is induced. In the collinear case
Ω̂1 ¼ Ω̂2 ¼ Ω̂3, while in the noncoplanar spin order
Ω̂1 · Ω̂2 ¼ 0, and Ω̂3 ¼ �Ω̂1 × Ω̂2. The latter case, in the
presence of interorbital hopping, will feature an anomalous
Hall effect [61,62]. The collinear AFM-2 and AFM-3 will
also break translational symmetries with associated charge
modulation driven by terms proportional to φ⃗α · φ⃗β ≠ 0; such
orders may be favored by repulsive interactions between
neighboring sites.

(c) Nematic FM (NFM) order—Starting with a uniform
FM state, the quartic coupling λ2 > 0, if sufficiently large,
can drive charge nematicity, since it can change the “mass”
of the nematic field to ðrψ − λ2jφ⃗0j2Þ. This coupling
between FM and nematic orders is not linear in ψn, unlike
the above AFM/ICS cases. Thus, the nematicity in this
case is not symmetry enforced. For wψ > 0, the NFM will
have depletion of the density in one orbital, as we find from
the MFT.
Fluctuation-disorder effects.—In two dimensions, with-

out SOC, thermal fluctuations will destroy long-range
magnetic order at any T > 0. In this case, ICS, the
NFM, the collinear AFM-1, and orthogonal AFM-2, will
melt into a charge nematic, reflected in a nonzero ψn, Sn,
which will undergo symmetry restoration via a Z3 clock (or
3-state Potts) transition. Within MFT this is a first order
transition, but thermal fluctuations render it a continuous
transition [63]. The noncoplanar AFM-3 state will lead to a
magnetically melted state with only chiral order (linked to
the � choice of Ω̂3), featuring a nonzero anomalous Hall
effect that vanishes above an Ising transition at which time-
reversal symmetry is restored [62].
We speculate that disorder might also weakly suppress

long-range magnetic order, even with SOC, leaving ves-
tigial nematic order [64] down to T ¼ 0. This suggestion is
motivated by Sr3Ru2O7, where the observation of nematic
transport [65] near the metamagnetic critical point was
recently attributed, via neutron scattering, to arise from
nearly ordered SDW phases [66].
Discussion.—The electronic nematic phases we have

proposed in (111) 2DEGs will lead to transport anisotro-
pies. On symmetry grounds, the scaled resistive anisotropy
ðρxx − ρyyÞ/ðρxx þ ρyyÞ will track the nematic order param-
eter [67,68]. A simple Drude picture (see the Supplemental
Material [58]) shows that, for the coordinates used above,
ρxx − ρyy ∼ Reψn while ρxy ¼ ρyx ∼ Imψn. Further signa-
tures of nematic order may be observed in Friedel oscil-
lations which can be probed using scanning tunneling
spectroscopy. Even in a conventional phonon-induced SC
state, the presence of such background nematic order would
lead to an anisotropy of the vortex shape and the mobility as
well as the critical current, explaining the anisotropy
observed in the resistive transition into the SC state [35].
If such orbital order is weak, it will be less evident in
ARPES [28,29] than in transport probes.
Rashba SOC [14,69–71] does not significantly impact

the (111) FS for relevant densities n̄ ∼ 0.3, or lead to a
significant spin splitting near the tips of the elliptical
FSs where we find the magnetic instability (see the
Supplemental Material [58]) since orbital mixing is neg-
ligible at those momenta. Thus, we expect SOC will not
significantly modify the phase diagram at these densities;
however, it can pin the magnetic order or convert the
uniform FM into a long wavelength spiral [17,56]. SOC
will have a more significant impact on low density 2DEGs,
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and transport properties which average over the entire FS
of all bands.
Our work has not taken into account random oxygen

vacancies—these can locally pin the nematic order but
cannot induce anisotropies in macroscopically averaged
resistivity measurements. However, such “nematogen”
defects could amplify weak resistive anisotropies, both
of the bulk tetragonal phase in dilute 2DEGs, as well as of
the higher density nematic phases with orbital order. This
interplay, which has been studied in the pnictides [72],
would be worth exploring in the oxide 2DEGs.
Finally, tetragonal lattice distortions, described by a

three-state Potts theory [45] similar to Lψ , will couple
linearly to the nematic order parameter ψn itself, affecting
the SDW degrees of freedom as well. For instance, a
tetragonal distortion with elongation of the c axis will favor
the nematic order associated with the AFM-1 state. The
interplay of electronic nematicity explored here, with
anisotropies induced by surface phonon mechanisms, is
an important topic for future research.
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