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Electrical control of structural and physical properties is a long-sought, but elusive goal of contemporary
science and technology. We demonstrate that a combination of strong spin-orbit interactions (SOI) and a
canted antiferromagnetic Mott state is sufficient to attain that goal. The antiferromagnetic insulator Sr,IrO,
provides a model system in which strong SOI lock canted Ir magnetic moments to IrO¢ octahedra, causing

them to rigidly rotate together. A novel coupling between an applied electrical current and the canting angle

reduces the Néel temperature and drives a large, nonlinear lattice expansion that closely tracks the

magnetization, increases the electron mobility, and precipitates a unique resistive switching effect. Our

observations open new avenues for understanding fundamental physics driven by strong SOI in condensed

matter, and provide a new paradigm for functional materials and devices.
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It is now widely recognized that a unique competition
between spin-orbit interactions (SOI) and Coulomb corre-
lations U in 4d and 5d elements and their compounds
drives unusual physical behaviors that markedly differ from
those of their 3d counterparts [1,2]. The 5d iridates display
particularly strong and surprising influences of SOI on their
physical properties. Early studies [3-8] indicated that
iridates exhibit a preference for magnetic, insulating ground
states, a trend now recognized as a consequence of a
combined effect of U and strong SOL An important
example of this effect is the J 5 = 1/2 Mott state identified
in Sr,IrO,4 [9], whose defining characteristic is the strong
locking of the lattice and Ir magnetic moments [1,2,10].

We have conducted a new study of Sr,IrO, that centers
on unconventional, single-crystal x-ray diffraction mea-
surements with simultaneous application of electrical
current to diffracted samples, as well as the /-V character-
istics, electrical resistivity and magnetization as functions
of temperature, electrical current, and magnetic field. Our
central finding is that application of electrical current
causes the a-axis lattice parameter to expand by an
astonishing 1% that, in turn, precipitates profound changes
in physical properties. The current-controlled lattice expan-
sion closely tracks the long-range magnetic order, causing a
considerable decrease in both the Néel temperature 7 and
magnetization, due to the strong SOI that rigidly locks
the Ir moments to the lattice. The current dependence of the
a-axis expansion is highly nonlinear, which induces the
novel I-V characteristics of SryIrO,.

Simultaneous control of structural and physical proper-
ties via electrical current is a rare but extremely desirable
contemporary goal because of its great technological
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potential. Our discovery of such behavior in Sr,IrO,4 opens
new avenues for understanding the fundamental conse-
quences of strong SOI in crystalline solids, and provides a
new paradigm for development of functional materials and
devices.

An explanation of experimental techniques and addi-
tional discussion are presented in the Supplemental
Material [11].

Sr,IrO4 is the archetype, SOI-driven insulator [9]
with T, =240 K [3-6], and an electronic energy gap
A <0.62 eV [9,12-15]. It crystallizes in a tetragonal
structure with space group 14,/acd (no. 142) with a =
b =5.4846 A and ¢ = 25.804 A at temperature T = 13 K
[3-5]. Recent studies suggest a further reduced space group
14, /a (no. 88) for Sr,IrO, [16,17]. Two signature charac-
teristics of Sr,IrO, are essential for understanding the
results of this study. (1) Rotation of the IrO4 octahedra
about the ¢ axis by approximately 12°, which corresponds
to a distorted in-plane Ir1-O2-Ir1 bond angle 6, has
a critical effect on the ground state [2,18-25]. (2) The
magnetic structure is composed of ordered moments
[0.208(3)up/Ir] canted within the basal plane [16]. The
13(1)° canting of the moments away from the a axis closely
tracks the staggered rotation of the IrOg octahedra [26],
which sharply contrasts the behavior of 3d oxides [27].

A representative diffraction pattern taken with the basal
plane of Sr,IrO, aligned nearly perpendicular to the
incident x-ray beam is shown in Fig. 1(a). The Bragg
peaks for Miller indices (220) or (0016) are representative
for the discussion that follows. The position and intensity of
the (0016) peak for temperature 7 = 200 K are shown in
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Figs. 1(b) and 1(c), respectively, and undergo remarkable
changes upon the application of basal-plane electrical
currents / up to 105 mA. The (0016) peak shifts up and
to the right with a threefold reduction in intensity that
is sensitive to the atomic positions within a unit cell
[Fig. 1(c)]. Other Bragg peaks exhibit similar shifts with
I, and either enhanced or reduced intensities, which reflects
changing interference generated by shifts in atom positions.
The current-induced lattice changes are also accompanied
by a subtle but visible color and size change of the sample,
as seen with the aid of a polarizing microscope [11].

The current-controlled changes in the a- and c-axis
lattice parameters were quantitatively characterized by
x-ray diffraction for I applied along either the basal plane
or the ¢ axis. The lattice responds more strongly to current
in the basal plane than along the ¢ axis, which suggests that
the orientation of the Ir moments is important, and that
Joule heating is not affecting the data [11].

We now focus on normalized changes in the a- and c-
axis lattice parameters Aa/a and Ac/c with basal-plane I,
where Aa/a = [a(I) —a(0)]/a(0) and 0 <7 < 105 mA;
Ac/c is similarly defined. Figure 2(a) shows Aa/a peaks at
nearly 1% near Ty, then decreases to 0.2% at 300 K,
whereas Ac/c < 0.1%. The clear difference between Aa/a
and Ac/c once again does not support a Joule heating
effect [11], and further confirms an important role for the
in-plane Ir moments. A more striking observation is that
the temperature dependence of Aa/a closely tracks that of
the a-axis magnetization M, [Fig. 2(a)]; this is direct
evidence that the current-controlled expansion of the a
axis involves interlocking of cooperative magnetic order
and the lattice. The reduced magnetic canting must be
accompanied by a simultaneous increase of €, which is a
critical parameter for determining the ground state [24,25].

We expect the current-controlled lattice expansion
to be strongly associated with long-range antiferromagnetic
(AFM) order. We therefore undertook a parallel study of
St,1Iry 97Tbg 304, since a 3% replacement of Ir*+ by Tb*+

14j.
L

FIG. 1. Single-crystal x-ray diffraction
of Sr,IrO, with current / applied within
the basal plane. (a) Representative x-ray
diffraction pattern of a single crystal.
The circled Bragg peak is (0,0,16).
Inset: Sample mounting showing elec-
trical leads and cryogenic gas feed [11].
x Current-controlled changes in (b) the
location and (c) the intensity (counts)
of the (0016) peak, 3260 for / = 0 and
999 for I = 105 mA.

110115,

1=105 mA
==

suppresses Ty to zero, but conveniently retains the insu-
lating state and the original crystal structure [28]. We
found that the absolute values of Aa/a and Ac/c for
Sr21r0_97Tb0403O4 for I = 105 mA are small (<02%) and
weakly temperature dependent in the absence of AFM
order [Fig. 2(b)]. A comparison of Figs. 2(a) and 2(b)
clearly points to a critical role played by long-range AFM
in the current-controlled lattice expansion, and essentially
eliminates the possibility of a Joule heating effect [11].

We also examined the conventional thermal expansion of
Sr,IrO, measured without application of /. The temper-
ature dependences of the a- and c-axis lattice parameters
and their corresponding changes da/a and ¢/ ¢ due to pure
thermal expansion [6a/a = [a(T) — a(90 K)]/a(90 K)
and 6¢/c is similarly defined] demonstrate that the a axis
expands linearly and only slightly (~0.1%) from 90 to
300 K [Figs. 2(c) and 2(d)]. The corresponding coefficient
of linear thermal expansion @ = 1/a (da/dT) is approxi-
mately 5.0 x 107 K~!, which is small and comparable to
those of many materials [29]. The small thermal expansion
of Sr,IrOy is also consistent with its high melting point
(>1900°C), which reflects bond energies on the order of
electron volts. The sharp contrast between the conventional
thermal expansion da/a (0.1%) and the novel current-
controlled Aa/a (~1%) highlights the extraordinary cou-
pling between current and the AFM state.

We also observe significant changes in the a-axis
magnetic susceptibility y,(7) and the a-axis magnetization
M, when current is applied (Fig. 3). T is drastically
decreased by 40 K for I = 80 mA [Figs. 3(a) and 3(b)], and
the value of M, is reduced by 16% [Figs. 3(c) and 3(d)]
Magnetic canting is ascribed to a Dzyaloshinsky-Moriya
interaction [24,30] that is closely associated with 6;
the canting decreases with increasing € and vanishes when
6 = 180° [24]. This is consistent with the reduced M, that
signals enhanced itinerancy due to increased 6.

Another prominent consequence of the current-
controlled lattice expansion is non-Ohmic behavior that
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FIG. 2. (a) Current-controlled shifts Aa/a and Ac/c for
Sr,IrO,. Note that Aa/a closely tracks M, (right-hand scale).
(b) For comparison to (a), Aa/a and Ac/c for Sr,Iry97Tbgg304.
Note that the scales for Aa/a, Ac/c, and M, are the same as those
in (a) to facilitate comparisons. (c) Temperature dependence of a-
and c-axis thermal expansion of Sr,IrO,4 for / = 0. (d) Temper-
ature-induced shifts a/a and 6c/c corresponding to (c).

features a negative differential resistance (NDR). NDR
[31-34] is a nonlinear phenomenon with a negative ratio of
voltage shift in response to a current change, AV/AI < 0,
contrary to Ohm’s law, which describes the traditional
positive, linear relationship, AV/AI > 0. The NDR phe-
nomenon is in general attributed to either an “electrother-
mal” effect or a “transferred carrier” effect [31,32]. The
more common form of NDR is manifest in N-shaped /-V
characteristics [31-34]. Alternatively, an S-shaped NDR
has been observed in various memory devices [35,36] and a
few bulk materials such as VO,, Culr,S,_,Se,, Ca;Ru,04,
and 1T-TaS, [36-40]. These bulk materials are character-
ized by a first-order metal-insulator transition (MIT) and,
except for CazRu,05, are without an AFM state. The S-
shaped NDR in these materials is closely associated with
the first-order MIT, and is attributed to drastic differences in
crystal and electronic structures below and above the MIT
[41]. In contrast, Sr,IrO, features strong AFM order and a
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FIG. 3. Temperature dependence of the (a) a-axis magnetic
susceptibility x,(7) at a few representative currents and
(b) dy.(T)/dT, which clarifies the decrease in Ty with I.
(c) M,(H) at 100 K for a few representative currents. (d) Current
dependence of T, and M,. Diagrams illustrate the current-
controlled lattice expansion, angle € (red), and Ir moments (black
arrows) with increasing /.

Mott insulating state that persists up to at least 600 K
without a MIT [1,2,18,20,21], indicating a different mecha-
nism that drives the NDR in Sr,IrOy,.

An S-shaped NDR was observed in an earlier study of
S1,IrO4 [6], but the underlying mechanism remained
unclear up to now. The /-V curves for / applied along
either the @ or ¢ axis at a few temperatures are presented in
Figs. 4(a) and 4(b), along with the strong anisotropy of the
response in Fig. 4(c). A linear /-V response during an initial
current ramp is followed by a sharp threshold voltage Vg,
that marks a switching point where V abruptly drops with
increasing /, thus signaling a NDR. Another broad turning
point emerges with further current increase, and is more
distinct in the c-axis I-V curves for 7 < 100 K.

A plot of Vg as a function of temperature displays a
pronounced slope change near 100 K, where an anomaly in
M, occurs [Fig. 4(d)]. Previous studies [18,21] have shown
that M, undergoes two additional anomalies at 7', ~ 100 and
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FIG. 4. [-V curves for Sr,IrO, for (a) I applied along the a axis,

(b) along the ¢ axis, (c) both the a and ¢ axis at T = 100 K.
Arrows show the evolution of the current sweeps in (a)—(c).
Temperature dependence of (d) the threshold voltage Vy, and
M, (T) (right-hand scale), and (e) the a-axis resistivity p,,. Inset:
Expanded p,, for I = 20 mA. (f) Representative data for dV /dI as
a function of dc current at 7 = 100 K. Note two slope changes
marked at I = I+ and I ~,. Arrows show the sequence of applied
I, and the dashed line is a guide to the eye.

25 K [Fig. 4(d)] due to moment reorientations, which is
corroborated by a muon-spin rotation and relaxation study
[19]. We note that the increased scatter in the a- and c-axis
parameters between 100 and 150 K in Figs. 2(c) and 2(d) are
most likely due to the reorientation of the Ir moments, and are
at the root of the unusual magnetoresistivity [21] and
magnetoelectric behavior [18]. This magnetic reorientation
separates the different regimes of /-V behavior below and
above T, = 100 K, and suggests that a close relation exists
between the magnetic state and the /-V characteristics
[Fig. 4(d)].

We propose that the NDR behavior exhibited by Sr,IrO,
reflects a novel mechanism that fundamentally differs from
that operating in other materials. Our proposal is based on
constructing a picture that self-consistently explains the
complex NDR behavior and the current-controlled expan-
sion and magnetization data.

We begin by examining the a-axis resistivity p,, which
drops by nearly 3 orders of magnitude at low temperatures
[Fig. 4(e)], and the corresponding activation energy gap
(estimated from data covering the range 100-270 K), which
decreases from 81 to 32 meV, as [ increases from 0.1 to
20 mA. There is a clear drop of p, with decreasing
temperature after peaking around 11 K [Fig. 4(e), inset],
indicating an incipient metallic state. The representative
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FIG. 5. (a) I-V curves (red, blue, green) for the a- and c-axis

lattice parameters at 7 = 100 K and y,H = 0 and 5 T along the ¢
axis. Light blue data (upper horizontal axis) show Aa/a at
T = 100 K. Dashed lines are guides to the eye. Note slope changes
of Aa/a occur at the two turning points at / ~; and I -, respectively.
(b) Diagrams (not to scale) illustrate the increasing lattice ex-
pansion, decreasing 6 (red), and Ir moment canting (black arrows)
with increasing /. Schematic increase of electron mobility due to
decreased gapping of the electronic structure with 7.

differential resistance dV/dI [11] at 100 K reveals two
anomalies near 10 and 45 mA, marked as /-, and I»,
respectively [Fig. 4(f)]. Corresponding I-V curves at 100 K
feature a sharp switching point (V) at I-; and a broader
turning point near /., [Fig. 5(a)].

It is crucial to note that the current-controlled a-axis
expansion Aa/a closely tracks the /-V curves with non-
linear changes at Iy and I¢,, respectively [upper horizon-
tal axis in Fig. 5(a)]. The slope changes in Aa/a signal
successively more rapid expansions of the a axis at /-, and
I ¢, each accompanied by a more significant increase in 6,
which, in turn, enhances electron hopping [Fig. 5(b)] (more
discussion below). As the current further increases above
I =45 mA, Aa/a appears to saturate. This explains why
a magnetic field H reduces V considerably only between
I and I, but shows no visible effect above /-, [see green
curve in Fig. 5(a)], because H can only increase 6 via
realigning the Ir moments below I-,: Above [, the
saturation of Aa/a corresponds to @ approaching 180°,
which precludes further increases, and magnetic field can
therefore no longer affect the I-V curves. The close
association between Aa/a, moment canting, and the I-V
curves reveals how current-controlled basal-plane expan-
sion drives the nonlinear /-V characteristics.

Fundamentally, the formation of the Mott insulating state
with canted IrOg octahedra and canted (locked) moments is
caused by a cooperative transition in which the electronic
structure gaps, thereby lowering its energy relative to the
paramagnetic metallic state. The gapping mechanism
involves electronic correlations that involve both spin-orbit
coupling and scattering through the magnetic reciprocal
lattice vector. The electronic correlation is expected to
manifest itself in the unoccupied states (electron-carrier)
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and in the occupied (hole-carrier) states. The momentum
shift associated with a finite current is usually negligible in
uncorrelated systems, but in correlated systems close to
quantum critical points, theory shows that relatively small
changes in the low-energy electronic structure can cause
large (nonlinear) changes in the ordered structure. In short,
a slight modification of the electronic structure induced by
current may result in strong modifications of the electronic
correlations. The NDR data are interpreted in terms of a
reduction in the gapping, as suggested in Fig. 4(e), and the
concomitant decrease in the carrier effective mass induced
by current.

We have shown that a combination of strong SOl and canted
AFM order can lead to a highly desirable paradigm for
simultaneous electrical control of the crystal structure and
physical properties of Sr,IrO4. (1) Strong SOI lock canted Ir
moments to the IrOq octahedra, which rigidly rotate together
(Fig. 2). (2) Strong SOI dictate the low-energy Hamiltonian
and create small gaps in the electronic structure, which
ultimately affect electron mobility (i.e., an increase in @ favors
electron hopping; see Figs. 4 and 5). (3) Applied current
effectively drives a lattice expansion by increasing 6 and
reducing small gaps in the electronic structure [Fig. 4(e)],
which also reduces Ty and the Ir moments (Fig. 3).

Our ongoing research on the physical consequences of
strong SOI in materials suggests that similar behavior may
be widespread in other iridates. This work offers a new
paradigm for studies of the physics driven by the SOI and
may help unlock a world of possibilities for functional
materials and devices.

G.C. is indebted to Dr. Xiangang Wan, Dr. Daniel
Khomskii, Dr. Feng Ye, Dr. Natalie Perkins, and S.-W.
Cheong for stimulating discussions. This work was sup-
ported by the National Science Foundation via Grants
No. DMR-1712101 (University of Colorado) and
No. DMR-1506979 (L.E.D.), and by Department of
Energy, Office of Basic Energy Science, Materials
Science through the award DEFG02-84ER45872 (P. S. R.).

*Corresponding author.
gang.cao@colorado.edu

[1] G. Cao and L. Del.ong, Frontiers of 4d- and 5d- Transition
Metal Oxides 1 (World Scientific, London, 2013).

[2] G. Cao and P. Schlottmann, arXiv:1704.06007.

[3] Q. Huang, J. L. Soubeyroux, O. Chmaissem, I. Natali Sora,
A. Santoro, R.J. Cava, J.J. Krajewski, and W.F. Peck,
J. Solid State Chem. 112, 355 (1994).

[4] R.J. Cava, B. Batlogg, K. Kiyono, H. Takagi, J.J.
Krajewski, W.F. Peck, L.W. Rupp, and C.H. Chen,
Phys. Rev. B 49, 11890 (1994).

[5] M. K. Crawford, M.A. Subramanian, R.L. Harlow,
J. A. Fernandez-Baca, Z.R. Wang, and D.C. Johnston,
Phys. Rev. B 49, 9198 (1994).

[6] G. Cao, J. Bolivar, S. McCall, J. E. Crow, and R. P. Guertin,
Phys. Rev. B 57, R11039 (1998).

[7] G. Cao, Y. Xin, C. S. Alexander, J. E. Crow, P. Schlottmann,
M. K. Crawford, R. L. Harlow, and W. Marshall, Phys. Rev.
B 66, 214412 (2002).

[8] G. Cao, J.E. Crow, R.P. Guertin, P.F. Henning, C.C.
Homes, M. Strongin, D. N. Basov, and E. Lochner, Solid
State Commun. 113, 657 (2000).

[9] B.J. Kim et al., Phys. Rev. Lett. 101, 076402 (2008).

[10] J. H. van Vleck, Phys. Rev. 52, 1178 (1937).

[11] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.120.017201 for exper-
imental details and additional discussions.

[12] Q. Wang, Y. Cao, J. A. Waugh, S.R. Park, T.F. Qi, O.B.
Korneta, G. Cao, and D. S. Dessau, Phys. Rev. B 87, 245109
(2013).

[13] S. Fujiyama, H. Ohsumi, T. Komesu, J. Matsuno, B. J. Kim,
M. Takata, T. Arima, and H. Takagi, Phys. Rev. Lett. 108,
247212 (2012).

[14] J. Dai, E. Calleja, G. Cao, and K. McElroy, Phys. Rev. B 90,
041102(R) (2014).

[15] B.J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, H.
Takagi, and T. Arima, Science 323, 1329 (2009).

[16] F. Ye, S. Chi, B. C. Chakoumakos, J. A. Fernandez-Baca, T.
Qi, and G. Cao, Phys. Rev. B 87, 140406(R) (2013).

[17] L. Zhao, D. H. Torchinsky, H. Chu, V. Ivanov, R. Lifshitz, R.
Flint, T. Qi, G. Cao, and D. Hsieh, Nat. Phys. 12, 32 (2016).

[18] S. Chikara, O. Korneta, W. P. Crummett, L. E. DeLong, P.
Schlottmann, and G. Cao, Phys. Rev. B 80, 140407(R) (2009).

[19] I. Franke, P. J. Baker, S. J. Blundell, T. Lancaster, W. Hayes,
F. L. Pratt, and G. Cao, Phys. Rev. B 83, 094416 (2011).

[20] O.B. Korneta, S. Chikara, S. Parkin, L. E. DelLong, P.
Schlottmann, and G. Cao, Phys. Rev. B 81, 045101 (2010).

[21] M. Ge, T.F. Qi, O.B. Korneta, D.E. De Long, P.
Schlottmann, W. P. Crummett, and G. Cao, Phys. Rev. B
84, 100402(R) (2011).

[22] N. Mott, J. Solid State Chem. 88, 5 (1990).

[23] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70,
1039 (1998).

[24] G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205
(2009).

[25] S.J. Moon, H. Jin, W. S. Choi, J. S. Lee, S. S. A. Seo, J. Yu,
G. Cao, T. W. Noh, and Y. S. Lee, Phys. Rev. B 80, 195110
(2009).

[26] D.H. Torchinsky, H. Chu, L. Zhao, N.B. Perkins, Y.
Sizyuk, T. Qi, G. Cao, and D. Hsieh, Phys. Rev. Lett.
114, 096404 (2015).

[27] M. V. Lobanov, M. Greenblatt, E. N. Caspi, J. D. Jorgensen,
D. V. Sheptyakov, B.H. Toby, C.E. Botez, and P.W.
Stephens, J. Phys. Condens. Matter 16, 5339 (2004).

[28] J.C. Wang et al., Phys. Rev. B 92, 214411 (2015).

[29] T.F. Qi, O.B. Korneta, S. Parkin, L.E. De Long, P.
Schlottmann, and G. Cao, Phys. Rev. Lett. 105, 177203
(2010).

[30] Y. Gim, A. Sethi, Q. Zhao, J. F. Mitchell, G. Cao, and S. L.
Cooper, Phys. Rev. B 93, 024405 (2016).

[31] J. B. Gunn, Solid State Commun. 1, 88 (1963).

[32] B. K. Ridley and T. B. Watkins, Proc. Phys. Soc. London 78,
293 (1961).

[33] C. Hilsum, Proc. IRE 50, 185 (1962).

[34] E. K. Manasse, Semiconductor Electronics
(Prentice-Hall, Englewood Cliffs, NJ, 1977).

Design

017201-5


http://arXiv.org/abs/1704.06007
https://doi.org/10.1006/jssc.1994.1316
https://doi.org/10.1103/PhysRevB.49.11890
https://doi.org/10.1103/PhysRevB.49.9198
https://doi.org/10.1103/PhysRevB.57.R11039
https://doi.org/10.1103/PhysRevB.66.214412
https://doi.org/10.1103/PhysRevB.66.214412
https://doi.org/10.1016/S0038-1098(99)00532-3
https://doi.org/10.1016/S0038-1098(99)00532-3
https://doi.org/10.1103/PhysRevLett.101.076402
https://doi.org/10.1103/PhysRev.52.1178
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.017201
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.017201
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.017201
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.017201
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.017201
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.017201
http://link.aps.org/supplemental/10.1103/PhysRevLett.120.017201
https://doi.org/10.1103/PhysRevB.87.245109
https://doi.org/10.1103/PhysRevB.87.245109
https://doi.org/10.1103/PhysRevLett.108.247212
https://doi.org/10.1103/PhysRevLett.108.247212
https://doi.org/10.1103/PhysRevB.90.041102
https://doi.org/10.1103/PhysRevB.90.041102
https://doi.org/10.1126/science.1167106
https://doi.org/10.1103/PhysRevB.87.140406
https://doi.org/10.1038/nphys3517
https://doi.org/10.1103/PhysRevB.80.140407
https://doi.org/10.1103/PhysRevB.83.094416
https://doi.org/10.1103/PhysRevB.81.045101
https://doi.org/10.1103/PhysRevB.84.100402
https://doi.org/10.1103/PhysRevB.84.100402
https://doi.org/10.1016/0022-4596(90)90201-8
https://doi.org/10.1103/RevModPhys.70.1039
https://doi.org/10.1103/RevModPhys.70.1039
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1103/PhysRevB.80.195110
https://doi.org/10.1103/PhysRevB.80.195110
https://doi.org/10.1103/PhysRevLett.114.096404
https://doi.org/10.1103/PhysRevLett.114.096404
https://doi.org/10.1088/0953-8984/16/29/023
https://doi.org/10.1103/PhysRevB.92.214411
https://doi.org/10.1103/PhysRevLett.105.177203
https://doi.org/10.1103/PhysRevLett.105.177203
https://doi.org/10.1103/PhysRevB.93.024405
https://doi.org/10.1016/0038-1098(63)90041-3
https://doi.org/10.1088/0370-1328/78/2/315
https://doi.org/10.1088/0370-1328/78/2/315
https://doi.org/10.1109/JRPROC.1962.288025

PHYSICAL REVIEW LETTERS 120, 017201 (2018)

[35] T. K. Higman, L. M. Miller, M. E. Favaro, M. A. Emanuel, K. [38] F. A. Chudnovskii, L.L. Odynets, A.L. Pergament, and

Hess, and J. J. Coleman, Appl. Phys. Lett. 53, 1623 (1988). G. B. Stefanovich, J. Solid State Chem. 122, 95 (1996).
[36] See, for example, D.S. Jeong, R. Thomas, R.S. Katiyar, [39] R.P. Guertin, J. Bolivar, G. Cao, S. McCall, and J. E. Crow,

J. F. Scott, H. Kohlstedt, A. Petraru, and C. S. Hwang, Rep. Solid State Commun. 107, 263 (1998).

Prog. Phys. 75, 076502 (2012). [40] A. W. Tsen et al., Proc. Natl. Acad. Sci. U.S.A. 112, 15054
[37] F. A. Chudnovskii, A.L. Pergament, G. B. Stefanovich, P. (2015).

Somasundaram, and J. M. Honig, Phys. Status Solidi A 162, [41] K. Okimura, N. Ezreena, Y. Sasakawa, and J. Sakai, Jpn. J.

601 (1997). Appl. Phys. 48, 065003 (2009).

017201-6


https://doi.org/10.1063/1.99931
https://doi.org/10.1088/0034-4885/75/7/076502
https://doi.org/10.1088/0034-4885/75/7/076502
https://doi.org/10.1002/1521-396X(199708)162:2%3C601::AID-PSSA601%3E3.0.CO;2-9
https://doi.org/10.1002/1521-396X(199708)162:2%3C601::AID-PSSA601%3E3.0.CO;2-9
https://doi.org/10.1006/jssc.1996.0087
https://doi.org/10.1016/S0038-1098(98)00231-2
https://doi.org/10.1073/pnas.1512092112
https://doi.org/10.1073/pnas.1512092112
https://doi.org/10.1143/JJAP.48.065003
https://doi.org/10.1143/JJAP.48.065003

