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Coexistence of orbital degeneracy lifting and superconductivity in iron-based superconductors

H. Miao,' L.-M. Wang,? P. Richard,"** S.-F. Wu,! J. Ma,' T. Qian,' L.-Y. Xing,' X.-C. Wang,' C.-Q. Jin,"* C.-P. Chou,>*
Z. Wang,” W. Ku,? and H. Ding"3
!Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2Condensed Matter Physics and Materials Science Department, Brookhaven National Laboratory, Upton, New York 11973, USA
3Collaborative Innovation Center of Quantum Matter, Beijing, China
4Beijing Computational Science Research Center, Beijing 100084, China
SDepartment of Physics, Boston College, Chestnut Hill, Massachusetts 02467, USA
(Received 29 January 2014; revised manuscript received 29 May 2014; published 11 June 2014)

We report the angle-resolved photoemission spectroscopy observation of the lifting of symmetry-protected
band degeneracy, and consequently the breakdown of local tetragonal symmetry in the superconducting
state of Li(Fe,;_,Co,)As. Supported by theoretical simulations, we analyze the doping and temperature
dependences of this band splitting and demonstrate an intimate connection between ferro-orbital correlations and

superconductivity.
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In contrast to conventional superconducting (SC) materi-
als, superconductivity in high-temperature superconductors
(HTSCs) usually emerges in the presence of other fluctuating
orders with similar or higher-energy scales [1-4], thus instigat-
ing debates over their relevance for the SC pairing mechanism.
Although spin fluctuations are widely believed to be crucial for
unconventional superconductivity, orbital fluctuations in the
multiorbital iron-based superconductors (IBSCs) are proposed
to be directly responsible for the structural phase transition
[5,6] and closely related to the observed giant magnetic
anisotropy and electronic nematicity [7—13]. More recently,
fluctuating orbital order has been proposed to lead to an
attractive mechanism for pairing [14,15] and further raised
the following question: Can superconductivity coexist with or
even emerge from orbital fluctuations?

In the tetragonal phase without spin-orbital coupling
(SOC), the d,./d,, orbitals are degenerate at the Brillouin
zone center (I' point), which is guaranteed by point-group
symmetry. Ferro-orbital (FO) order, which leads to unequal oc-
cupation of the dy /d, orbitals, would lift the degeneracy at I,
resulting in a band gap Ap,ng that can be monitored directly by
angle-resolved photoemission spectroscopy (ARPES). While
FO fluctuations have been proposed as the origin of electronic
nematicity [5,6] and can be closely related to the emergence
of superconductivity [14,15], probing FO fluctuations directly
in the absence of structural and magnetic phase transitions
needs to be explored, and whether FO fluctuations coexist or
compete with the SC order is still an open question.

In this Rapid Communication, we report the ARPES obser-
vation of the lifting of symmetry-protected band degeneracy,
and consequently the breakdown of local tetragonal symmetry
in the SC state of Li(Fe;_,Co,)As. By analyzing the doping
and temperature dependences of this band splitting and using
theoretical simulations, we demonstrate that the splitting is
caused by power-law decayed ferro-orbital correlations and
prove its intimate connection with superconductivity.
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Single crystals of LiFe;_,Co,As were synthesized by a
self-flux method using LizAs, Fe;_,Co,As, and As powders
as the starting materials. The mixture was grounded and
put into alumina crucible and sealed in Nb crucibles under
1 atm of argon gas. The Nb crucible was then sealed in
an evacuated quartz tube, heated to 1100°C, and slowly
cooled down to 700°C at a rate of 3°C/h. High-energy
resolution ARPES data were recorded at the Institute of
Physics, Chinese Academy of Sciences, using the He Io
(hv = 21.2 eV) resonance line of an helium discharge lamp.
The angular and momentum resolutions were set to 0.2°
and 3 meV, respectively. ARPES polarization measurements
were performed at beamlines PGM and Apple-PGM of the
Synchrotron Radiation Center (Wisconsin) equipped with a
Scienta R4000 analyzer and a Scienta SES 200 analyzer,
respectively. The energy and angular resolutions were set at
20 meV and 0.2°, respectively. All samples were cleaved in
situ and measured in a vacuum better than 3 x 10~!! Torr.

In addition to having a natural nonpolar cleaving surface
preserving its bulk properties [16—18], Li(Fe;_,Co,)As has
neither structural nor magnetic phase transitions in its whole
phase diagram [19], enabling us to study fluctuations in the
absence of long-range orders. In Fig. 1, we compare the
electronic band dispersion of LiFeAs and LiFe( ggCoq.12As at
20 K around the I' point. Our polarization analysis confirms
that the @ and o’ bands, which are mainly composed of
dy./d,; orbitals, have odd and even symmetries, respectively
[20-22]. The extracted band dispersion [23] in
LiFeq gsCog.12As (T, = 4 K) indicates that both the @ and o’
bands sink below E ¢ and are exactly degenerate at the I" point,
as required by symmetry. In contrast, the o band crosses Er at
kr = 0.037/a in the parent compound LiFeAs (7. = 18 K),
whereas the top of the o band lies about 12 meV below Ep,
which means that the d,,/d,, orbitals are split in LiFeAs
without long-range magnetic and orbital orders. To precisely
resolve the band splitting, we recorded very-high-energy
resolution ARPES intensity plots of LiFeAs and
LiFe( gsCop.12As, as shown in Fig. 1. From the high-resolution
data, we evaluate the band gap to Apang ~ 14 meV in LiFeAs
by extrapolating the top of the « band using a parabolic
fit, and we confirm the degeneracy of the d../d,, bands in
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FIG. 1. (Color online) (a) ARPES experimental geometry.
(b), (c) FS mapping at the Brillouin zone center measured under o and
7 configurations. (d), (h) ARPES intensity plots of LiFeAs measured
along the I'-M direction [the red line in (b) and (c)], and recorded
with 51 eV incident light in the o and 7 configurations to select odd
and even orbital symmetries [20-22], respectively. (e), (i) Same as
(d) and (h), but for LiFe 33Coy 12As. (f), (g) High-energy resolution
ARPES cuts along the I'-M direction of LiFeAs and LiFe( ggCog 2 As,
respectively, recorded with the He I« line of an helium discharge lamp.
The red and blue curves in (d), (e), (h), and (i) are the original and
fitted momentum distribution curves at Ef, respectively. The blue,
red, and green circles represent the peak positions associated with
the o (dodaq), @' (deven), and B (dy,) bands, respectively, where dogq
(deven) 1s the odd (even) linear combination of the d,. and d, orbitals.
(), (k) EDCs corresponding to the data shown in (f) and (g),
respectively. The blue EDC in (j), also shown in inset, illustrates
the splitting of the o band.

LiFe( g3Cog.12As. By zooming near Ep, we find that the o
band further splits into two branches, as shown in Figs. 1(f) and
1(j). While one branch is the continuous extension of the high
binding energy dispersion, the other one shows an inflection
point at 14 meV binding energy. A similar effect is also
observed on the electron band [22] and, as discussed later, the
observed fine structure is caused by twin domains and supports
that the observed band splitting is caused by FO fluctuations.
As reported previously [24], we distinguish an electron band
at the I' point of electron-doped LiFe; g3Cog 12As, which is
not clear in the synchrotron-based results, most likely due to
different k. positions. We suspect that this small electron band
has a strong As p, orbital component and is similar to the one
observed in (TLRb),Fe,_,Se, [25].

To check whether the d,./d,. splitting is a general feature
of the IBSCs, we performed similar experiments on various
materials and summarized the results in Fig. 2. We first consid-
ered LiFe( 94Cog gsAs (T, = 10 K), which has an intermediate
doping between LiFeAs and LiFejggCop 2As [22]. Unlike
in LiFeAs and similarly to LiFe(g3Cog 12As, the o band
falls below E . For this material, we find Apag = 10 meV,
suggesting that the band splitting is gradually suppressed as
T, decreases from 18 to 4 K. We also studied the band splitting
in NaFe( 95Cog gsAs (T, = 18 K) [26], which is isostructural to
LiFeAs (the so-called 111 structure). From the extracted band
dispersions displayed in Fig. 2(d), we deduce that Ap,g =
15 meV in this particular compound. Interestingly, as shown
in Fig. 2(f), all our data on the 111 crystal structure indicate
that Apang scales with 7 in this family of materials, suggesting
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FIG. 2. (Color online) (a)—(c) Extracted band dispersion of the
d./d,. bands in LiFeAs, LiFe( 94Cog g6 As [22], and LiFe( gsCog 12As,
respectively. (d), (e) Extracted band dispersion of NaFe(95Cog5As
[26] and FeTegssSepss [27], respectively. Red dashed curves are
parabolic fits. (f) Doping and 7, dependence of Apyg. The open and
solid symbols refer to the doping (bottom right) and 7, (bottom left)
axes. Error bars are determined by standard deviation of the fitting
parameters [22].

that the band splitting might be related to superconductivity.
Interestingly, there is at least one other IBSC for which a
dy/d,; band splitting is clearly observed. Indeed, this obser-
vation has been reported for the FeTe;_,Se, family of IBSCs
[27,28]. Using the data from Miao et al. [27], reproduced in
Fig.2(e), we find that Ay, = 18 meV in FeTeg s5Seq 45, which
is even larger than in LiFeAs. The observed band splitting in
all the IBSCs studied here strongly suggests that the d,/d,.
separation at the I" point has a fundamental origin.

We now focus on the temperature evolution of Ap,pg in
LiFeAs. For this purpose, we show in Fig. 3 high-energy
resolution ARPES cuts across the I point recorded between
50 and 250 K. The data are divided by the Fermi-Dirac
function convoluted by the resolution function to reveal the
band dispersion above Er, which are obtained from parabolic
fits. While the linewidths of the o’ and 8 bands broaden with
temperature, their dispersions are unaffected. The « band, on
the other hand, gradually shifts downward and its top almost
merges with that of the &’ band at 250 K. In Fig. 3(m), we
show the evolution of Apsg as a function of temperature by
using different methods that all show that the d,/d, . splitting
decreases gradually from nearly 0 at 250 K to about 14 meV at
50 K [22]. Interestingly, the splitting survives even below the
SC phase transition at 18 K. As shown in Figs. 3(n)-3(p), the
« band opens up a SC gap below T, whereas the o’ band is
barely changed. This observation proves that the band splitting
coexists with superconductivity.

The observed degeneracy lifting by ARPES at the I' point
reflects directly the difference in site energy of the d,, and
d, orbitals at low energies, which is a direct measurement of
the ferro-orbital configuration, regardless of the origin of the
mechanism driving the system into this configuration. In order
to demonstrate that FO fluctuations can lead to the removal
of a symmetry-imposed degeneracy, even in the absence of
long-range ordering, we investigate a simple model of a
quasi-one-dimensional (1D) electronic system (since d,,/d,,
orbitals have strongly anisotropic quasi-1D hopping integrals)
under the influence of a spatially fluctuating local FO order
parameter (represented by a diagonal Ising field) [21,22], and
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FIG. 3. (Color online) (a)—(e) High-energy resolution ARPES intensity plots at 7 = 250, 200, 150, 100, and 50 K, respectively. (f)-(j)
Same data but divided by the Fermi-Dirac function convoluted with the system resolution function to probe the electronic structure above
Er. Band dispersions at different temperatures are extracted using momentum distribution curves (MDCs) and fitted to parabolic functions.
(k) Energy distribution curves (EDCs) at the I" point at different temperatures. We used two Lorentzian peaks to extract the top of the « and &’
bands, and plot the fitted results on top of the original data using red dashed curves [22]. The top of the & band is shifted towards high binding
energy as temperature increases, and it almost merges with the top of the o’ band at 250 K. (1) MDCs recorded 20 meV below Er, which
corresponds to the red dashed lines shown in (a)—(e). At high temperature, the o peak positions move towards I', indicating that the band moves
downward in energy. In contrast, the peak positions of the &’ and 8 bands are unchanged [22]. (m) Temperature evolution of Ay,,q. The values
of Apang are extracted from the electronic band dispersions, EDCs and MDCs. Error bars are determined by the standard deviation of the fitted
parameters. (n) and (o) are ARPES intensity plots just above and well below 7., respectively. (p) EDCs at the I" point above and below 7.

we display the results in Fig. 4. When the local order parameter
has only short-range correlations (exponential decay), no
clear indication of the fluctuating order is observed in the
electronic structure other than the scattering of the particle
that broadens the spectral function, as illustrated in the top
row of Fig. 4. In contrast, when the spatial correlations of the
local order parameter are long ranged (power-law decay), the
quasiparticle peak splits in two and a pseudogap in the spectral
function develops in between, as shown in Figs. 4(f)—4(h).
This pseudogap corresponds to the splitting of the degenerate
bands shown in Fig. 1. Although the spectral function exhibits
features identical to those expected in the presence of a
macroscopic long-range order, we emphasize that the system
has not yet developed a true order, but only long-range spatial
correlations. In other words, the one-particle Green’s function
has gone ahead and reflects the underlying, almost ordered,
electronic structure. Therefore, the experimentally observed
doping-dependent splitting between the d,./d,. bands in the
absence of FO order can be attributed to strong, slow-decaying,
long-range FO correlations that cover a large region of the
phase diagram and eventually support superconductivity at low
temperature. We stress that although our minimal two-orbital

model indicates that a fluctuating diagonal order parameter
is capable of lifting a degeneracy required by symmetry, one
should be cautious when comparing our models with realistic
band structures. In real systems, the self-energy induced by the
fluctuating ferro-orbital order parameter should be momentum,
energy and orbital dependent, and thus exhibit rich variations.

Very recently, an electronic Raman scattering study of
Ba(Fe;_,Co,)2As; [29], an ARPES study [9], and a combined
study of magnetic torque and x ray in BaFe,(As;_,Py), [13]
reported electronic nematicity in the absence of a magnetic
phase transition. The observed nematic signal persists far
above the SC and structural phase transitions, indicating
the presence of a strong fluctuating orbital order, which
is consistent with our doping- and temperature-dependent
results, as well as with our theoretical interpretation. However,
alternative mechanisms could also lead indirectly to the lifting
of the band degeneracy. For example, although the C-type
(collinear) antiferromagnetic (AF) correlations do not directly
contribute to the observed band degeneracy lifting, they could
do so when coupled to the orbital degree of freedom, as
predicted by theoretical studies [5,6,30,31]. Nevertheless, in
the present study, we find that superconductivity emerges
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FIG. 4. (Color online) (a) An example of the configuration of
a FO disordered system (represented by an Ising field) without
long-range correlations. (b) The resulting average band structure that
couples to the Ising field, showing no clear splitting of the band.
(c), (d) The average spectral function at momentum k = (0,0) and
k = (0.25,0.25). (e)—(h) Similar to (a)—(d), however, the disordered
system contains long-range, power-law decaying correlations of the
local order parameter.

in the regime of strong FO correlations and that the SC
transition temperature scales with the strength of the local
orbital order, suggesting an intimate connection between FO
correlations and superconductivity. This observation is very
important since a recent ARPES and NMR study reports en-
hancement of low-energy antiferromagnetic spin fluctuations
in LiFe;_,Co, As samples with lower 7, [24], thus suggesting
that such low-energy antiferromagnetic fluctuations alone do
not control the strength of superconductivity in LiFe; _, Co, As.
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Finally, we discuss the effect of SOC. In principle, SOC
can lift the degeneracy of the d,./d,, orbitals at the I" point
while maintaining global tetragonal symmetry [32]. However,
since SOC is a local effect and barely changes with doping and
temperature, our observation of Ay,,g Variations as a function
of doping and temperature is inconsistent with this scenario.
Moreover, we carefully extracted the electronic band structure
near the M point and found that the degeneracy between d,., and
dy at the M point is lifted with a splitting gap Ay = 8 meV,
which is smaller than the splitting at the I" point [22]. All the
experimental facts support our assumption that the observed
dy./d,; splitting at the I" point is caused by FO fluctuations
instead of SOC. Although spin fluctuations have been widely
studied and discussed, few experimental studies on the orbital
fluctuations can be found in the literature. Our study provides
evidence for strong, long-range FO correlations in IBSCs and
demonstrates their intimate connection with superconductivity
in LiFe;_,Co,As.
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1. Single crystals:
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S1: Resistivity and magnetic susceptibility of LiFe; Co,As
Fig. S1 shows transport properties of the samples we used to perform
ARPES experiments. The high quality of the samples is characterized by the
narrow superconducting transition temperature and high superconducting

volume.

2. ARPES:

2.1 ARPES matrix element effect and experimental geometry.
The process of photoemission is usually described by the so-called three-

step model': electrons are excited from their initial states |i>, they then travel



towards the surface and finally reach their final states |f>. In this simplified
model, the ARPES matrix element is formulated as:

Mij =< flAerli> (1)

Where A is the potential vector associated with the incoming photon and r is
position operator. Since |1\/[l-j|2 is a scalar observable, it does not change under
the symmetry operations of the relevant crystal structure, which is possible
only if its total parity is even (+). Simple rules can thus be used to know
whether the photoemission matrix element can be non-zero. Since the final
state <f[r> is approximately a plane wave and has even symmetry, the total
parity of M; will be decided by combinations of Aer and the initial state, as
shown in Eq. (2):

<+l+l+>=0,<+1+1->=0

2)

<+l-1->=0,<+|-1+>=0
The experimental setup used in this study is shown in Fig. S2, where the -
and o- polarizations are defined as the incident potential vector being
parallel and perpendicular to the mirror plane, respectively. According to Eq.
(2), m-polarization and o-polarization select the even and odd orbital

symmetry of the initial state, respectively.
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S2: Experimental geometry

2.2 The k, effect

In Figs. S3a and 3b we show ARPES intensity plots of LiFeAs recorded
with 35 eV incident light, which corresponds to k, = =, in the 0 and =&
configurations, respectively. By extracting the dispersion of the a and o’
bands from MDCs, we are able to estimate the variation of the band splitting
along k,. As shown in Fig. S3c, the a band (d.qq) is very two-dimensional
while the o' band (d.en) has a k, dispersion, which is consistent with other
iron-based superconductors. Due to the k, dispersion of the o’ band, the
band splitting is increased to 34 meV at k, = m. The band splitting along &,

can be estimated by:

Apang=24-10cos(k,)  (3)



In the free-electron final-state approximation, the value of k, can be

calculated by:

k. = 2—;?1\/(7@\/ —¢—E,cos0+V, (4)

Where V), is an experimentally determined inner potentialz. In LiFe; Co,As,

V, is determined to be 14 eV, which is very similar to Ba, K Fe,As,”.

When Co is doped into LiFeAs, the c-lattice parameter is changed from
6.36372 A in LiFeAs to 6.32262 A in LiFe(s3Coy12As. According to Egs.
(3) and (4) and considering the k, average effect of ARPES’ we conclude
that:

OApang ~ 1 meV

which is smaller than the error bar.

Therefore, we can safely draw the conclusion that the k, effect can be

neglected in Fig. 2f of the main text.
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S3: ARPES intensity plot at k, = &t

Fig. S4 shows an ARPES intensity plot and EDCs of LiFe(94Cog¢sAs. The

band dispersions of the o, o’ and 3 bands are carefully extracted from EDCs

and MDCs and fitted to a parabolic function. The band splitting is clearly

resolved from both the intensity plot and the EDCs. Apung

LiFeAs compound.

~ 10 meV is
extracted from the fitted dispersions, which is smaller than that in the pure
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S4: ARPES data of LiFe0,94C00,06As

2.4 Extraction of Apang

To precisely evaluate Ay,ng as function of temperature, the extracted band
dispersions, EDCs and MDCs are used in our study and all those methods
show that the dy,/d,, splitting is decreased from 14 meV at 50 K to nearly 0

at 250 K.



A. Band dispersion:
The band dispersions of the a,, &’ and 3 bands at different temperatures are

carefully extracted from EDCs and MDCs and fitted to the parabolic

function:
E(k)=a(T)+b(T)x k* (%)
Since only the a band exhibits visible change from low temperature to high

temperature, we only show its fitted parameters in table 1.

Table 1
50K 100 K 150 K 200 K 250K
a (meV) 2 2 0.7 5 -10
b (meVeA?) 1200 1000 990 930 920
Avang (MeV) 14+ 1 14+1 13£3 7+4 2+4

From the fitted the data, we find that the o band is shifted down by about 12
meV as temperature is increased from 50 K to 250 K. Since the o' and 3
bands are barely changed from low temperature to high temperature, the

observed shift of the o band is exactly the change of Apang.



B. Momentum distribution Curves (MDCs)

Apang can also be evaluated by using MDCs. Fig. 31 of the main text shows
temperature dependent MDCs at 20 meV below Er. We find that only the
peak position of the o band becomes closer as temperature increases,
proving that the a band is shifted downward at high temperature, which is
consistent with the extracted band dispersions. To quantitatively evaluate
Apang from the MDCs, we rewrite Eq (5), and get:

A,..=2b,, xk, xAk (6)

Here we use four-Lorentz peaks to fit MDCs and get the result below:

Intensity (arb. units)

S5 : Fitted MDCs

The fitted peak positions of the o’ band at 20 meV below Ef are :



Table 2

50K

100 K

150 K

200K

250K

Peak (mt/a)

0.176

0.175

0.173

0.160

0.145

The extracted band splitting obtained by all methods are plotted in Fig. 3m

and shows a consistent trend at high temperature.

C. Energy Distribution Curves (EDCs)
Another way to evaluate Ap,yg 1S by directly fitting EDCs across the I' point

by using two Lorentzian peaks.

alrl + azrz
(@-x)+I7) (@-x,) +I7)

Ik =(0,0),w]=c, + (7)

The matrix element effect is included in the fitting parameters a,,, and we

further assume that I'(k, w) is independent of w near Ef.

The fitted results are shown in Fig. S6 and Table 3, as well as in Fig. 3k of
the main text. Below 150 K, the band top of the o and o’ bands are clearly
separated in the raw data and can be well fitted by two Lorentzian peaks.
The fitted result shows that the o' band remains unchanged below 150 K

while the a band starts to shift downward at 150 K, which is consistent with




the results extracted from the band dispersion and from the MDCs. Above
150 K, due to lifetime broadening and to the closeness of the a and o’ bands,
two peak structures are merged together and only the main peak position can
be extracted by using a single Lorentzian function. As shown in Fig. S6,
EDCs at 200 K and 250 K are nicely fitted by a single Lorentzian function
with peak positions at 9 meV and 11 meV below Er. The shift of the main
peak position proves that the o band keeps moving downward above 150 K
and eventually becomes degenerate with the top of the o' band at 250 K.
These results are again consistent with the previous ones extracted for the

temperature evolution of Ap,yg.

Intensity (a. u.)
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S6: Fitted EDCs



Table 3

50K 100 K 150 K 200 K* 250 K*
x; (meV) | 2%05 3:1 01 9+ 1 11
I (meV) | 11+05 17+2 23+5 33+3 41£7
X, (meV) | -115+05 | -10+1 %2 - -
I (meV) | 8+05 10+1 15+3 - -
A(meV) | 1351 13£2 11+2 3£3% 2+ 3%

*: When extracting Apang at 200 K and 250 K, we used the main peak position to represent
the peak position of the a band. This will slightly underestimate the value of Apang.

2.5 d,,/d,, splitting near the M point:

LiFeAs (T = 6 K)
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S7 ARPES intensity and EDC curvature plot at the M point
Fig. S7 shows ARPES intensity and EDC curvature plots. Two electron

pockets, & and vy, which have d,,/d,, and d,, orbitals respectively, are clearly



resolved. Below the two electron pockets, the o band with d,,/d,, orbitals is
dispersed from the I' point to the M point and expected to be degenerate
with the 0 band if no nematic fluctuation is present. By using the EDC
curvature plot, we precisely extracted the band dispersions of the a, § and
v bands, and fitted them using parabolic functions. It is clear from the plot
that the o and & bands are split with a band gap of Ay, = 8 = 2 meV, which is

about the half the value of Ar= 14 meV.

The observed degeneracy lifting at the M point rules out the SOC as the
origin of the observed d,,/d,, splitting at the I' point. Furthermore, the
smaller splitting value at the M point indicates that the spin nematic

fluctuations might be small, which is consistent with NMR results in LiFeAs.

2.6 Two branch dispersion on the 6 band:

Since the ferro-orbital correlations break the local tetragonal symmetry, it is
expected to observe a two-branch dispersions on the dy,/dy, bands. As shown
in Fig. 1 of the main text, the two-branch behavior is clearly resolved near
the I point. Here we show the high resolution data on the & band, which also

has dy,/d,, orbitals.
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S8: Intensity plot and EDCs of d band near Eg

As shown in Fig. S8a, we find that the d band is broader near Er, which
clearly deviates from the Landau’s quasi-particle picture. By analyzing the
corresponding EDCs, as shown in Fig. S8b, we find that as with the o band,
the 8 band also has two branches. The observed twined structure near both
the I" and the M points is strongly against the SOC scenario and supports the

ferro-orbital fluctuations picture.



3. Theoretical demonstration of degeneracy lifting under long-

range correlations in the absence of an order

To demonstrate the effects of long-range ferro-orbital (FO) correlations
without ordering, let’s first consider a 2D two-band system under the

influence of a diagonal local FO order parameter t;:

H=Yt(cc,+d:d,)+3,(c'c,~d:d)
ij i

where ¢” and d" correspond to creation of particles in each band, and ¢; is a
strongly anisotropic quasi-1D hopping parameter with value 1 in one
direction and 0.01 in the other. The diagonal local parameter is Ising-like

and either takes the values 1 or -1.

For a simple demonstration, here the coupling between ¢" and d " is assumed
negligible to keep these two bands fully degenerate in the entire momentum-
space. Consequently, the problem can be decoupled into two equivalent
single-band ones:

H=3Yt,clc,+ Y1

iji
l.j

H=31,dd -3tdd,



We then numerically measure the one-particle Green’s function®, while
sampling’ the Ising configuration space of ;, using the Monte Carlo method®

with the Metropolis algorithm.

The key technical issue here is how to prepare the configuration space and
its corresponding probability, to survey both short-range and long-range
correlations in the absence of an order. Intuitively, the most natural choice
is to use the 2D Ising model and tune the temperature. However, in that case
the long-range power-law decay of the correlations only occurs very close to
the critical temperature, where numerical studies suffer from critical slow
down. Instead, we have generated the configurations and their probabilities
using the 2D xy-model, and defined the FO order parameter from the sign of
the x-component of the local xy-spin S;" :
T, = sign(S;")

This way, there is a large temperature range away from the critical
temperature where a power-law decay correlation function of 7 can be found.
For a simple and representative example of exponential-decaying short-

range correlations, the temperature is chosen to be infinity.



Our results are found to converge very well at size 32x32 sites. In fact, the
size of the splitting remains almost size independent, but only the
smoothness of the resulting spectral function and the location of resonances

show some size dependence.
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