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Spectroscopic evidence for negative electronic
compressibility in a quasi-three-dimensional
spin–orbit correlated metal
Junfeng He1†, T. Hogan1†, Thomas R. Mion1, H. Hafiz2, Y. He3, J. D. Denlinger4, S-K. Mo4, C. Dhital1,
X. Chen1, Qisen Lin1, Y. Zhang5, M. Hashimoto3, H. Pan1, D. H. Lu3, M. Arita6, K. Shimada6,
R. S. Markiewicz2, Z. Wang1, K. Kempa1, M. J. Naughton1, A. Bansil2, S. D. Wilson1,7 and Rui-Hua He1*
Negative compressibility is a sign of thermodynamic instability
of open1–3 or non-equilibrium4,5 systems. In quantum ma-
terials consisting of multiple mutually coupled subsystems,
the compressibility of one subsystem can be negative if
it is countered by positive compressibility of the others.
Manifestations of this effect have so far been limited to
low-dimensional dilute electron systems6–11. Here, we present
evidence from angle-resolved photoemission spectroscopy
(ARPES) for negative electronic compressibility (NEC) in
the quasi-three-dimensional (3D) spin–orbit correlated metal
(Sr1−xLax)3Ir2O7. Increased electron filling accompanies an
anomalous decrease of the chemical potential, as indicated by
theoverallmovementof thedeepvalencebands.Suchanomaly,
suggestive of NEC, is shown to be primarily driven by the
lowering in energy of the conduction band as the correlated
bandgap reduces. Our finding points to a distinct pathway
towardsanuncharted territoryofNECfeaturingbulk correlated
metals with unique potential for applications in low-power
nanoelectronics and novel metamaterials.

Electronic compressibility is defined as �e = (1/n2)(∂n/∂μ),
where n is the carrier density and μ the chemical potential. It is
a fundamental thermodynamic quantity that contains important
information about the single-particle band structure as well as
many-body effects in amaterial. Such information is experimentally
accessible throughARPES,which provides independentmeasures of
n and changes in μ, as we shall demonstrate in this study.

Sr3Ir2O7 is an insulator driven by the cooperative interplay
between correlation effects and strong spin–orbit coupling of the
Ir 5d electrons12–15. It crystallizes in a near-tetragonal structure
containing two square IrO2 planes per unit cell, with the planar
projection of the 3D Brillouin zone as indicated by the white
dashed line in Fig. 1a16–19. Sr3Ir2O7 exhibits a significantly stronger
three-dimensionality compared to the cuprates in that the c-axis
and in-plane resistivities in Sr3Ir2O7 differ only by a factor of ∼8,
whereas cuprates show a corresponding difference of two to four
orders of magnitude16. Substituting one Sr atom with La effectively
dopes one electron into the system, leading to an insulator–metal
transition at x > 0.03 in (Sr1−xLax)3Ir2O7 (ref. 16). Our ARPES
experiments (see Methods) show that the doped electrons initially

populate the conduction band around its bottoms near theM points,
forming four apparent electron pockets at the Fermi level in each
planar Brillouin zone (Fig. 1a). The number, momentum location,
overall shape of the observed pockets and the associated band dis-
persions, all agree well with our first-principles calculations (com-
pare Fig. 1a,c with d,g and Supplementary Fig. 1; seeMethods). As x
increases, electron pockets expand inmomentum, as indicated by an
increasing separation between the two given Fermimomenta on the
pocket (Fig. 1c,e). Values of both n and the effective La substitution
level xARPES can be estimated for each measured sample on the basis
of the known lattice constants20 and the total percentage area of the
Fermi surface pockets in the planar Brillouin zone, with a small
uncertainty arising from the relatively weak band dispersion along
the c axis (see Supplementary Discussion 1 and Supplementary
Figs 2 and 3). The xARPES value determined via ARPES is consistent
with the La substitution level measured using energy-dispersive
X-ray spectroscopy (EDS) on the same sample (Fig. 1f).

Photoemission canmeasure relative changes inμ as a function of
doping in a givenmaterial with reference to electronic states located
sufficiently far away from the Fermi level such that their energies
are largely unaffected by changes in doping (see Supplementary
Discussion 2). Two types of electronic reference are generally
used, the core levels and the (deep) valence bands located at a
binding energy of ∼6 eV, for which consistent results have been
demonstrated experimentally21,22. Use of core levels as references
requires an understanding of energy shifts due to various factors
other than changes in μ itself23. These other effects, however, are
expected to be averaged out for deep valence bands, which adopt
an increased itinerancy relative to the core levels (as exemplified
by the substantial dispersion in Fig. 2a), and the associated energy
shifts can then simply represent changes in μ (Supplementary
Discussion 2). Our observations in (Sr1−xLax)3Ir2O7 are consistent
with this deep-valence-band approach, where the general shape
of the spectra containing multiple orbital components remains
qualitatively unchanged with doping (Fig. 2a,b,d,e). For example,
as x increases, we see that, in Fig. 2d, the O 2p orbital at the
X point18 systematically decreases in binding energy, revealing in
turn a decrease of μ. A similar behaviour was found for different
states, such as those around �, which are of a mixed Ir–O character
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Figure 1 | Fermi surface and band structure of (Sr1−xLax)3Ir2O7 for x=0.057. a, Fermi surface map featuring two electron pockets (red dashed ellipses)

around each M point. Brillouin zone boundary for the distorted (undistorted) lattice is marked by white (grey) dashed boxes. b,c, Energy distribution curves

(EDCs) (b) and band dispersion map (c) along the brown arrow in a, revealing two bands close to the Fermi level as traced by red triangles in b. a=5.50 Å.

d,g, Calculated Fermi surface (d) and band dispersion (g) in comparison with a,c. e, Momentum distribution curves at the Fermi level for selected x values,

showing peaks at kF1 and kF2 as indicated by the red arrows (also shown in c). f, La substitution level and the corresponding electron density, determined by

EDS and ARPES for various samples studied. Error bars reflect the spatial variation on a given sample surface (EDS) and uncertainty in determining the

Fermi momentum (ARPES).

and exhibit an unambiguous overall upward band shift (Fig. 2a,b,e).
Relative shifts in μ deduced from various deep valence band states
observable under our experimental conditions are summarized
in Fig. 2c, and consistently show a systematic decrease of μ

with increasing electron filling. This trend is also in qualitative
accord with limited results obtained by using core-level references
(Supplementary Fig. 4 and Supplementary Discussion 2).

In a rigid-band picture, all bands exhibit the same shift in binding
energy with fixed inter-band separations. Electron doping in such
a case would necessarily lead to an increase of μ and, hence, a
positive electronic compressibility. Rather, we observed a decrease
ofμ, indicative of a NEC, inmetallic (Sr1−xLax)3Ir2O7. This suggests
a breakdown of the rigid-band picture and necessitates changes in
the separations of certain bands in the system (and their associated
‘internal’ energy). To obtain insights into the physical mechanism
underlying the observed NEC, we thus turn our attention away
from the high-binding-energy region in which bands appear ‘rigid’
to search for outliers accountable for the NEC. As we shall show,
these are the conduction and (shallow) valence bands located at low
binding energies, which exhibit non-trivialmovements with doping.

With increasing electron filling, the conduction band bottom
near M sinks deeper under the Fermi level (Fig. 3c), whereas the
valence band top at X rises (Fig. 3a,b), resulting in a decrease of the
associated (indirect) bandgap (Fig. 3d). Closer inspection suggests
that the conduction and valence band movements are not only
momentum dependent (Supplementary Fig. 1) but also asymmetric,
as shown in Fig. 4a, where we have combined the information
concerning the doping dependence of μ (Fig. 2c) with that of the
conduction and shallow valence bands. The conduction band bot-
tom is seen to decrease continuously (by ∼100meV) as x increases
from 0.035 to 0.086, whereas the apparent valence band top exhibits
an abrupt increase in energy (by∼150meV) across x∼0.05, and an
otherwisemoderate (if any) shift away from this doping region. This
abrupt variation indicates a change in character of the dominant
states defining the apparent valence band top. The observed spectral
evolution across x∼0.05 is consistent with a spectral weight transfer
from the original valence band states to new states which appear at
lower energy inside the original bandgap (Supplementary Fig. 5g).
This type of spectral weight transfer is typical of electron-doped
transition metal oxides24, including Sr2−xLaxIrO4 (ref. 25).

578 NATUREMATERIALS | VOL 14 | JUNE 2015 | www.nature.com/naturematerials

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nmat4273
www.nature.com/naturematerials


NATUREMATERIALS DOI: 10.1038/NMAT4273 LETTERS

Electron density (×1020 cm−3)

Doping level x

c

Δ
 (

m
e

V
)

μ

−120

−80

−40

0

 876543

0.090.070.050.03

From panel

b

e

d

B
in

d
in

g
 e

n
e

rg
y

 (
e

V
)

−0.4 0.0 0.4 −0.4 0.0 0.4 −0.4 0.0 0.4 −0.4 0.0 0.4

a x = 0.083 x = 0.086x = 0.035 x = 0.063

L

H

5.6

5.7

5.8

5.9

6.0

X

M

Γ 

k
||
 ( /a)π

Γ Γ Γ Γ 

 

b

Binding energy (eV)

7 6 5

In
te

n
si

ty
 (

a
.u

.)
 

Ir + O

0.083

0.086

0.068

0.063

0.057

0.056

x =
0.035

0.040

0.083

d

0.086

0.068

0.063

0.057

0.056

x =
0.035

0.040

3

In
te

n
si

ty
 (

a
.u

.)
 

In
te

n
si

ty
 (

a
.u

.)
 

Binding energy (eV)

4

O

 

e

Binding energy (eV)

4 3

0.083

0.086

0.068

0.063

0.057

0.056

x =
0.035

0.040

Ir + O

Figure 2 | Chemical potential shift on electron doping in (Sr1−xLax)3Ir2O7. a, EDC-second-derivative band dispersion maps along the red arrow (inset) in

the deep valence band region around the � point for selected x values. b,d,e, EDCs at � (b,e) and X (d) shown in different energy ranges for various x.

Symbols indicate spectral peaks for states with a mixed Ir–O (in b,e) or O 2p character (in d). Panel a shows the dispersions of the peaks in b. See

Supplementary Fig. 9 for assignments of orbital character to states based on calculations. c, Chemical potential shift (guided by the grey dashed line) as a

function of x and the calculated electron density, deduced from the corresponding states marked in b,d,e. The chemical potential for x=0.035 is set, for

convenience, as a zero reference for the relative shift in chemical potentials. Error bars reflect the uncertainty in determining the EDC peak energy position.

The marked overall reduction of bandgap, appearance of in-gap
states, and spectral weight transfer over a wide energy range, all
with moderate electron doping, point to the correlated nature of
the low-lying states close to μ. The overall situation is similar
to that of electron-doped cuprates, Nd2−xCexCuO4 (ref. 26; see
Fig. 4b,c), where the bandgap between the lower-lying (in-gap)
shallow valence band and the conduction band is understood as
being due to antiferromagnetic correlations, and the higher-lying
(original) shallow valence band is a remnant of the lower Hubbard
band26,27. Whether or not the bandgap in metallic (Sr1−xLax)3Ir2O7
is magnetic in nature, we note the possibility that the J = 1/2
antiferromagnetic correlations at x=0, driven by on-site Coulomb
repulsion and spin–orbit coupling12–15, might persist over a short
range in the metallic regime and weaken with increasing doping, as
in Nd2−xCexCuO4 (ref. 26).

However, a reduction of the correlation gap is not a sufficient
basis for understanding the counterintuitive shift in μ observed
in (Sr1−xLax)3Ir2O7, as μ was found to evolve in the normal way
with doping in Nd2−xCexCuO4 (refs 23,26; see Fig. 4b,c). Another
essential aspect is the manner in which the bandgap decreases. In
general, the Fermi level tends to move up in energy relative to
the conduction band bottom, reflecting increased electron filling,
whereas it is insensitive to the movements of the shallow valence

band as long as it stays occupied. But, in (Sr1−xLax)3Ir2O7, the
conduction band bottom itself moves down rapidly as the bandgap
shrinks, resulting in an effective lowering of μ. In contrast, in
Nd2−xCexCuO4, the conduction band bottom barelymoves with x—
instead, the valence band top moves upwards rapidly.

Therefore, the unique evolution of the correlation gap
holds the key to understanding our observed NEC. Several
microscopic aspects make the case of (Sr1−xLax)3Ir2O7 distinct
from Nd2−xCexCuO4. First, as a result of a negative (∂n/∂μ),
local electron-density fluctuations will promote electronic phase
separation, which would be frustrated by the long-range Coulomb
interactions and confined to a microscopic scale28. Although in-gap
states can exist in systems without microscopic phase separation
(for example, in Nd2−xCexCuO4; ref. 26), their presence along
with a nanoscale phase separation in La2−xSrxCuO4 might be
involved in the doping independence of μ observed in a certain
doping range23,29. Whether microscopic phase separation exists in
metallic (Sr1−xLax)3Ir2O7 warrants further study. Second, strong
spin–orbit coupling in the iridates is responsible for the formation
of an effective J = 1/2 band from a mixture of three t2g orbitals,
enabling a putative Mott transition to take place in this band
without the need for strong on-site Coulomb repulsion12–15. It has
been pointed out that a large inter-orbital charge transfer with
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Figure 3 | Doping evolution of the valence band top and conduction band bottom of (Sr1−xLax)3Ir2O7. a, EDC-second-derivative band dispersion maps of

the shallow valence band along the red arrow (inset) for selected x values. b,c, Doping evolution of the extracted shallow valence band (b) and conduction

band (c) dispersions along, respectively, the red and green arrows shown in the inset of a. Valence band spectra at x=0.056, 0.057 and 0.063 contain

multiple features (see Supplementary Fig. 5). d, Doping evolution of the indirect bandgap. The valence band top is defined by the dominant valence band

feature in a, which changes character across x∼0.057. The apparent bandgap has accordingly different characters as guided by the dashed lines. Grey

shaded area denotes the bandgap roughly defined with the higher-energy feature (colour shaded area in b) of the shallow valence band at x∼0.057. Error

bars reflect the uncertainty in determining the second-derivative EDC peak energy position.

NEC is feasible in a multi-band model with at least one band being
close to a Mott transition30. On the other hand, weakening electron
correlations may lead to an effective spin–orbit coupling strength
that decreases with electron doping31. Interestingly, an electron-
density dependence of one type of spin–orbit couplingwas proposed
to be essential for the NEC found at an oxide heterointerface28.
Last, a unique form of structural distortion in (Sr1−xLax)3Ir2O7
contributes to the bandgap formation (Supplementary Fig. 6),
and may bring about other subtle changes in the electronic
structure via deformation potentials32. The extent to which the
strong spin–orbit and/or multi-orbital nature of the correlated
electronic states, as well as the structural effects, are at play in their
non-trivial doping-dependent movements should be examined to
understand the microscopic driving force underlying the NEC in
(Sr1−xLax)3Ir2O7.

Our finding suggests that the quasi-3D electron system in
metallic (Sr1−xLax)3Ir2O7 represents the first experimental case of
NEC in three dimensions, which has been discussed theoretically30,33
as an important complement to the lower-dimensional cases that
have been found in the conventional6,7 or oxide8 semiconductor
heterojunctions, monolayer9 and bilayer10 graphene, and carbon
nanotubes11. The earlier lower-dimensional cases were established
mainly by probing �e via quantum capacitance6,8,9,11 or electric field
penetration7,8, both quantities being proportional to (∂n/∂μ). The
application of these techniques for investigating (Sr1−xLax)3Ir2O7
single crystals will be complicated by the relatively high value

of |∂n/∂μ| (= 5.7× 1018 meV−1 cm−3) deduced from ARPES, the
requirements of surface flatness and/or thickness in the nanoscale
for related device fabrications, and the need to tune carrier
concentration during measurements; it would probably be more
promising to work with thin-film samples, which have yet to be
grown. In any case, our ARPES study adds 3D NEC to the growing
list of unusual properties of the iridates.

We have presented evidence of a new pathway for realizing
NEC in which the electron correlation energy dominates, whereas
in all other known cases of NEC, it is the exchange energy that
dominates6–11. Such a route could in principle apply to many
correlated materials30. Correlated metals such as doped transition
metal oxides or dichalcogenides with strong spin–orbit coupling
and/or the presence ofmultiple bandsmight provide a fertile ground
for exploring novel NEC phenomena.

Bulk materials with NEC would lead to unique possibilities for
research and applications. The compressibility sum rule33 implies
that a NEC will lead to a negative dielectric constant near zero
frequency. The bulk nature of NEC materials would thus allow
the RF/optical study of �e, and applications in metamaterials
as active components, neither being feasible for their lower-
dimensional counterparts. The use ofmetal electrodes with negative
quantum capacitance in transistors could effectively enhance their
gate capacitances, presenting an alternative to the use of ‘high-
κ ’ dielectrics for miniaturization of devices that switch at low
voltage with minimal gate-to-channel leakage8. In contrast to

580 NATUREMATERIALS | VOL 14 | JUNE 2015 | www.nature.com/naturematerials

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nmat4273
www.nature.com/naturematerials


NATUREMATERIALS DOI: 10.1038/NMAT4273 LETTERS

H

L

−1.4 −1.0 −0.6

10.8−1 −0.8

a Γ

Γ

ΓΓ

MM

 0.035
 0.040

 0.056

 0.057

 0.063

 0.068
 0.083
 0.086

0.1

0.2

0.3

0.0

 x =

E
n

e
rg

y
 (

e
V

)
0.056μ

0.063μ

0.083μ

x = 0.15

x = 0.068

X

Z

X

G1

X

Cu−O bond

  direction

Ir−O bond

 direction 

0.1

0.2

0.3

0.0

6

7

0.035μ

0.057μ

0.086μ
0.068μ

0.040μ

3

4

−1 −0.5 0.0 0.5

H

L

E
n

e
rg

y
 (e

V
)

−1.4 −1.0 −0.6

X M b
Electron-doped iridate: (Sr1−xLax)3Ir2O7

0.00

0.05

0.10

0.15

0.20

0.25
0.30

E
n

e
rg

y
 (

e
V

)

0.063μ
0.068μ

0.086μ

k
||
 ( /a)π

k
||
 ( /a)πk

||
 ( /a)π

∼∼

c Electron-doped cuprate: Nd2−x CexCuO4

0.2

0.4

0.6

0.0

1.2

1.6

E
n

e
rg

y
 (

e
V

)

μ0.04

μ0.10

μ0.15

∼∼

∼∼

∼∼

∼ ∼

∼∼
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two-dimensional electron/hole systems6–8, doped correlated metals
are typically associated with a high correlation energy scale (on the
order of 100meV; ref. 24), and owing to their 3D bulk nature, they
are amenable to changes of environment as well as deposition onto
any substrate, creating devices with working resistance tunable by
film thickness. Application of materials with NEC in transistors
thus promises good adaptability to the existing CMOS architecture,
and potentially enables room-temperature (field independent) and
variable-frequency device operation.

Online Content Methods and Supplementary Information are
available in the online version of the paper.

Methods
Methods and any associated references are available in the online
version of the paper.

Received 24 October 2014; accepted 19 March 2015;
published online 27 April 2015

References
1. Baughman, R. H., Stafström, S., Cui, C. & Dantas, S. O. Materials with negative

compressibilities in one or more dimensions. Science 279, 1522–1524 (1998).
2. Lakes, R. S., Lee, T., Bersie, A. & Wang, Y. C. Extreme damping in composite

materials with negative-stiffness inclusions. Nature 410, 565–567 (2001).
3. Jaglinski, T., Kochmann, D., Stone, D. & Lakes, R. S. Composite materials with

viscoelastic stiffness greater than diamond. Science 315, 620–622 (2007).
4. Liu, Z. et al. P. Locally resonant sonic materials. Science 289, 1734–1736 (2000).
5. Fang, N. et al. Ultrasonic metamaterials with negative modulus. Nature Mater.

5, 452–456 (2006).
6. Kravchenko, S. V., Rinberg, D. A., Semenchinsky, S. G. & Pudalov, V. M.

Evidence for the influence of electron–electron interaction on the chemical
potential of the two-dimensional electron gas. Phys. Rev. B 42,
3741–3744 (1990).

7. Eisenstein, J. P., Pfeiffer, L. N. &West, K. W. Negative compressibility of
interacting two-dimensional electron and quasiparticle gases. Phys. Rev. Lett.
68, 674–677 (1992).

8. Li, L. et al. Very large capacitance enhancement in a two-dimensional electron
system. Science 332, 825–828 (2011).

9. Yu, G. L. et al. Interaction phenomena in graphene seen through quantum
capacitance. Proc. Natl Acad. Sci. USA 110, 3282–3286 (2013).

10. Lee, K. et al. Chemical potential and quantum Hall ferromagnetism in bilayer
graphene. Science 345, 58–61 (2014).

11. Ilani, S., Donev, L. A. K., Kindermann, M. & McEuen, P. L. Measurement of the
quantum capacitance of interacting electrons in carbon nanotubes. Nature
Phys. 2, 687–691 (2006).

12. Kim, B. J. et al. Novel Jeff=1/2 Mott state induced by relativistic spin–orbit
coupling in Sr2IrO4. Phys. Rev. Lett. 101, 076402 (2008).

13. Moon, S. J. et al. Dimensionality-controlled insulator-metal transition and
correlated metallic state in 5d transition metal oxides Srn+1IrnO3n+1 (n=1, 2,
and∞). Phys. Rev. Lett. 101, 226402 (2008).

14. Ishii, K. et al.Momentum-resolved electronic excitations in the Mott insulator
Sr2IrO4 studied by resonant inelastic x-ray scattering. Phys. Rev. B 83,
115121 (2011).

15. Arita, R., Kunes, J., Kozhevnikov, A. V., Eguiluz, A. G. & Imada, M. Ab initio
studies on the interplay between spin–orbit interaction and Coulomb
correlation in Sr2IrO4 and Ba2IrO4. Phys. Rev. Lett. 108, 086403 (2012).

16. Li, L. et al. Tuning the Jeff=1/2 insulating state via electron doping and
pressure in the double-layered iridate Sr3Ir2O7. Phys. Rev. B 87, 235127 (2013).

17. Wang, Q. et al. Dimensionality-controlled Mott transition and correlation
effects in single-layer and bilayer perovskite iridates. Phys. Rev. B 87,
245109 (2013).

18. King, P. D. C. et al. Spectroscopic indications of polaronic behavior of the
strong spin–orbit insulator Sr3Ir2O7. Phys. Rev. B 87, 241106 (2013).

19. Okada, Y. et al. Imaging the evolution of metallic states in a correlated iridate.
Nature Mater. 12, 707–713 (2013).

20. Dhital, C. et al. Spin ordering and electronic texture in the bilayer iridate
Sr3Ir2O7. Phys. Rev. B 86, 100401(R) (2012).

21. Shen, K. M. et al.Missing quasiparticles and the chemical potential puzzle in
the doping evolution of the cuprate superconductors. Phys. Rev. Lett. 93,
267002 (2004).

22. Yagi, H. et al. Chemical potential shift in lightly doped to optimally doped
Ca2−xNaxCuO2Cl2. Phys. Rev. B 73, 172503 (2006).

23. Fujimori, A. et al. Core-level photoemission measurements of the chemical
potential shift as a probe of correlated electron systems. J. Electron. Spectrosc.
Relat. Phenom. 124, 127–138 (2002).

NATUREMATERIALS | VOL 14 | JUNE 2015 | www.nature.com/naturematerials 581

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nmat4273
http://dx.doi.org/10.1038/nmat4273
http://dx.doi.org/10.1038/nmat4273
www.nature.com/naturematerials


LETTERS NATUREMATERIALS DOI: 10.1038/NMAT4273

24. Imada, M., Fujimori, A. & Tokura, Y. Metal–insulator transitions. Rev. Mod.
Phys. 70, 1039–1263 (1998).

25. Lee, J. S., Krockenberger, Y., Takahashi, K. S., Kawasaki, M. & Tokura, Y.
Insulator-metal transition driven by change of doping and spin–orbit
interaction in Sr2IrO4. Phys. Rev. B 85, 035101 (2012).

26. Armitage, N. P., Fournier, P. & Greene, R. L. Progress and perspectives on
electron-doped cuprates. Rev. Mod. Phys. 82, 2421–2487 (2010).

27. Das, T., Markiewicz, R. S. & Bansil, A. Strong correlation effects and optical
conductivity in electron-doped cuprates. Europhys. Lett. 96, 27004 (2011).

28. Caprara, S., Peronaci, F. & Grilli, M. Intrinsic instability of electronic interfaces
with strong Rashba coupling. Phys. Rev. Lett. 109, 196401 (2012).

29. Veillette, M., Bazaliy, Y. B., Berlinsky, A. J. & Kallin, C. Stripe formation by
long range interactions within SO(5) theory. Phys. Rev. Lett. 83,
2413–2416 (1999).

30. Kopp, T. & Mannhart, J. Calculation of the capacitances of conductors:
Perspectives for the optimization of electronic devices. J. Appl. Phys. 106,
064504 (2009).

31. Liu, G-Q., Antonov, V. N., Jepsen, O. & Andersen, O. K. Coulomb-enhanced
spin-orbit splitting: The missing piece in the Sr2RhO4 puzzle. Phys. Rev. Lett.
101, 026408 (2008).

32. Van de Walle, C. G. & Martin, R. M. ‘‘Absolute’’ deformation potentials:
Formulation and ab initio calculations for semiconductors. Phys. Rev. Lett. 62,
2028–2031 (1989).

33. Li, Q., Hwang, E. H. & Das Sarma, S. Temperature-dependent compressibility
in graphene and two-dimensional systems. Phys. Rev. B 84, 235407 (2011).

Acknowledgements
We thank K. S. Burch, T-R. Chang, Y-H. Chu, A. Fujimori, Z. Hussain, S. A. Kivelson,
H. Lin, V. Madhavan, Z-X. Shen, Q. Si, C. M. Varma, Z-Y. Weng, H. Yao and X. J. Zhou

for discussions, and K. Tanaka for measuring sample work functions at UVSOR, Japan.
The work at Boston College was supported by a BC start-up fund (J.H., R-H.H.), the US
NSF CAREER Awards DMR-1454926 (R-H.H., in part) and DMR-1056625 (T.H., C.D.,
X.C., S.D.W.), NSF Graduate Research Fellowship GRFP-5100141 (T.R.M.), DOE
DE-SC0002554 and DE-FG02-99ER45747 (Z.W.) and the W. M. Keck Foundation
(M.J.N.). The work at Northeastern University (NU) was supported by the DOE, BES
Contract No. DE-FG02-07ER46352, and benefited from NU’s ASCC and the allocation of
supercomputer time at NERSC through DOE grant DE-AC02-05CH11231.
Photoemission experiments were performed at the SSRL and ALS, supported respectively
by the US DOE BES Contract Nos. DE-AC02-76SF00515 and DE-AC02-05CH11231,
at HSRC and SPring-8 (preliminary) with the approval of Proposal Nos 14-A-1
and 2014B1501.

Author contributions
J.H. and T.H. contributed equally to this work. J.H. and R-H.H. proposed and designed
the research. J.H. and T.R.M. carried out the ARPES measurements with help from Y.H.,
J.D.D., S-K.M., Q.L. and H.P. T.H., C.D. and X.C. grew the samples. T.H., J.H. and T.R.M.
characterized the samples with EDS. H.H. and R.S.M. performed the first-principles
calculations and, along with A.B. and K.K., provided theoretical guidance. M.H., D.H.L.,
S-K.M., M.A. and K.S. maintained the experimental facilities. J.H. analysed the data with
help from Y.Z. J.H. and R-H.H. wrote the paper with key inputs from Z.W., Y.H., S.D.W.,
A.B. and R.S.M. R-H.H., S.D.W., M.J.N. and A.B. are responsible for project direction,
planning and infrastructure.

Additional information
Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to R-H.H.

Competing financial interests
The authors declare no competing financial interests.

582 NATUREMATERIALS | VOL 14 | JUNE 2015 | www.nature.com/naturematerials

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nmat4273
http://dx.doi.org/10.1038/nmat4273
http://www.nature.com/reprints
www.nature.com/naturematerials


NATUREMATERIALS DOI: 10.1038/NMAT4273 LETTERS
Methods
Experiment. Single crystals of (Sr1−xLax )3Ir2O7 with different x were grown by
flux techniques similar to earlier reports16,20. Samples were cleaved at 30K in
ultrahigh vacuum before ARPES measurements. The presented ARPES results were
obtained at 30K, mostly at Beamline 5-4 of the Stanford Synchrotron Radiation
Lightsource (SSRL) of SLAC National Accelerator Laboratory using 25 eV photons
with a total energy resolution of∼9meV and a base pressure better than
3×10−11 torr. Stability of the photon energy and energy position of the sample
Fermi level was constantly monitored by measuring a polycrystalline Au reference
sample in electrical contact with the iridate sample, which showed a typical
variation <±1meV during the measurement on each sample. Fermi surface maps
shown resulted from an integration over a±10-meV window around the Fermi
level. A related preliminary experiment was performed on the x=0.08 sample at
Beamline 9 A of the Hiroshima Synchrotron Radiation Center (HSRC). Core-level
and work function measurements were performed at Beamlines 10 & 4 of the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory using
180 eV and 83 eV photons with total energy resolutions of∼50meV and∼20meV,
respectively. A related preliminary experiment was performed at BL47XU of
SPring-8 using 8 keV photons. As noted in Supplementary Discussions 2 and 3,
variations of the sample work function do not affect the measured energy shifts of

deep valence bands and core levels (Supplementary Fig. 7); limited results of work
function measurements on (Sr1−xLax )3Ir2O7 via photoemission are not inconsistent
with a NEC (Supplementary Fig. 8).

Calculation. First-principles calculations were performed along the lines
described in ref. 19 using the Vienna Ab initio Simulation Package (VASP). The
core and valence electrons were treated by the projector augmented wave (PAW)
and a plane wave basis, respectively. Exchange-correlation effects were
incorporated using the generalized gradient approximation (GGA). A

√
2×√2

superlattice was used with an in-plane lattice constant of 3.9 Å to take into account
the 12◦-rotation of the oxygen octahedra surrounding the Ir atoms.
Antiferromagnetic order, when present, does not further change the size of the unit
cell. Electron–electron interaction between the correlated d electrons on Ir atoms
was included at the GGA+U (on-site Coulomb repulsion) mean-field level. To
simulate the experimental results shown in Fig. 1, we set U =1.1 eV and increased
the strength of spin–orbit coupling by a factor of two compared to the value
obtained in self-consistent computations. The chemical potential is set in the
calculations such that the Fermi surface volume of the conduction band is
consistent with the electron filling.
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