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scattering can be found in, for example, Schülke (2007) and
Rueff and Shukla (2010).

The second order amplitude in Eq. (3) becomes large when
!!k matches a resonance energy of the system, and the
incoming photon is absorbed first in the intermediate state,
creating a core hole. The denominator Eg ! !!k " En is

then small, greatly enhancing the second order scattering
amplitude. We neglect the other, off-resonant processes
here, though they do give an important contribution to non-
resonant scattering (Blume, 1985). The resonant part of the
second order amplitude is
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&
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where a lifetime broadening !n is introduced for the inter-
mediate states. This accounts for the many nonradiative
interaction terms that are not included in H0 (for example,
Auger decay), which make the intermediate states short lived.

Resonant scattering can thus occur via a magnetic and a
nonmagnetic term. An estimate shows that the latter domi-
nates. The size of localized 1s copper core orbitals is a0=Z +
0:018 "A, so that for 10 keV photons the exponential eik%r is
close to unity and can be expanded. The nonmagnetic term
can induce a dipole transition of the order of jpj, !Z=a0 ,
5:9$ 10"23 kgm=s, whereas the magnetic term gives a di-
pole transition of order (k % r)!jkj=2, 2:5$ 10"25 kgm=s.
We thus ignore the magnetic term here, and the relevant
transition operator for the RIXS cross section is

D # 1

im!k

XN

i#1

eik%ri! % pi; (7)

where a prefactor has been chosen that streamlines expres-
sions that follow.

The double-differential cross section I(!;k;k0;!; !0) is
now obtained by multiplying by the density of photon states
in the solid angle d# [ # Vk02djk0jd#=(2")3], and divid-
ing by the incident flux c=V (Sakurai, 1967; Blume, 1985;
Schülke, 2007):

I(!;k;k0;!;!0)#r2em
2!3

k0!k

X

f

jF fg(k;k0;!;!0;!k;!k0)j2

$#(Eg"Ef!!!); (8)

where the classical electron radius re # (1=4"!0)e2=mc2.
The scattering amplitude at zero temperature is given by

F fg(k;k0;!; !0; !k; !k0) #
X

n

hfjD0yjnihnjDjgi
Eg ! !!k " En ! i!n

;

(9)

where the prime in D0 refers to transitions related to the
outgoing x rays. Equations (8) and (9) are referred to as the

Kramers-Heisenberg equations, which are generally used to
calculate the RIXS cross section.

Alternatively, we can rewrite the denominator for the
intermediate states in terms of a Green’s function, which is
also referred to as the intermediate-state propagator, which
describes the system in the presence of a core hole:

G(zk) #
1

zk "H
#

X

n

jnihnj
zk " En

; (10)

where jni forms a complete basis set and

zk # Eg ! !!k ! i!; (11)

with ! taken to be independent of the intermediate states. The
quantity zk is the energy of the initial state combined with the
finite lifetime of the core hole. In the following we often
suppress the explicit label k of zk and denote it simply by z,
with an implicit incident energy dependence. With the core-
hole propagator G and transition operators D in place, the
RIXS scattering amplitude F fg finally reduces to

F fg # hfjD0yG(zk)Djgi: (12)

2. Scattering amplitude in dipole approximation

In the previous section, Eqs. (8) and (9) give the Kramers-
Heisenberg expression for RIXS. The next step is to separate
the part pertaining to the geometry of the experiment from the
fundamental scattering amplitudes that relate to the physical
properties of the system; see Fig. 17. In addition, sharply
defined transition operators will be obtained. Because of the
complexity of the multipole expansion, we first give a deri-
vation in the dipole limit allowing the reader to better follow
the arguments. In the next section, we present the higher-
order transitions.

In the dipole limit, one assumes that eik%ri - eik%Ri , where
Ri indicates the position of the ion to which the electron i is
bound. Note that Ri is not an operator. As a result, the
electronic transitions are due to the momentum operator p
and Eq. (7) becomes

D # ! %D; with D # 1

im!k

XN

i#1

eik%Ripi: (13)

Generally, the matrix elements are expressed in terms of the
position operator r. For example, in the absorption step, one
can write

hnjDjgi#
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where !!k - En " Eg. The operator thus reduces to the

well-known dipole operator D # PN
i#1 e

ik%Riri that causes
electronic transitions.
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Figure 1 | XRD of the sulfur hydride and sulfur deuteride samples. a, Unrolled powder di�raction image of sulfur hydride at 150 GPa at room
temperature recorded on the imaging plate. b,c, Integrated XRD patterns obtained with subtraction of the background for sulfur hydride (b) and sulfur
deuteride (c). The patterns of bcc H3S and �-Po elemental sulfur at 150 GPa and 170 GPa calculated according to refs 5,26 are shown beneath the
experimentally obtained patterns. Stars indicate peaks that do not belong to the sample, as follows from the scan over the sample (Supplementary Fig. 1):
these peaks remain unchanged, whereas the sample peaks change with the radius of the sample both in position and intensity. Open circles indicate a
reflection from the high-pressure phase IV of elemental sulfur (incommensurately modulated body-centred monoclinic structure). d, XRD patterns of
sulfur deuteride at 173 GPa at 300 K and 13 K. The peaks marked by stars are not reflections from the sample. The results of analyses are shown in
Supplementary Table 1.
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Figure 2 | Pressure dependence of XRD in sulfur hydride and sulfur deuteride samples. a,b, XRD patterns taken at room temperature and di�erent
pressures for sulfur hydride (a) and sulfur deuteride (b). Upper (red) and lower (green) ticks indicate the peak positions of the predicted bcc structure of
H3S and �-Po elemental sulfur, respectively. The peaks marked with stars do not belong to the sample, as follows from Supplementary Fig. 1. On decreasing
the pressure in sulfur hydride, the phase transition of elemental sulfur is clearly observed—the peak from �-Po sulfur gradually disappears and that from
phase IV (open circle) is enhanced. c, Pressure dependence of the atomic volume of sulfur hydride and sulfur deuteride. The experimental data were
obtained with increasing pressure and are fitted with a first-order Birch equation of state (black solid line). The volumes of hexagonal (R3m) and bcc
(Im-3m) phases obtained from the theoretical work3 are shown as filled squares and filled triangles, respectively, connected with broken lines. The
estimated standard deviations are smaller than the size of the symbols.

at room and low temperatures (Fig. 1d). Moreover, the structure
of the sample does not change visibly over the pressure range
92–173GPa. This is in a contrast to the dependence of the
critical temperature on pressure, which has a pronounced kink
at 150GPa for H3S and 160GPa for D3S (Fig. 3c). This kink
finds a natural explanation in the theoretical predictions9,23: the
pressure dependence of the critical superconducting temperature

is di�erent in the R3m phase at lower pressures and in the Im-3m
phase at higher pressures. Our XRD measurements support this
interpretation, as R3m and Im-3m phases di�er only in the ordering
of the hydrogen atoms, and the same XRD patterns should be the
same in the both pressure domains. Thus, one can conclude that
the highest critical temperature of 203K (ref. 2) corresponds to the
Im-3m phase.
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Crystal structure of the superconducting phase of
sulfur hydride
Mari Einaga1*†, Masafumi Sakata1, Takahiro Ishikawa1, Katsuya Shimizu1†, Mikhail I. Eremets2†,
Alexander P. Drozdov2, Ivan A. Troyan2, Naohisa Hirao3 and Yasuo Ohishi3

A superconducting critical temperature above 200K has
recentlybeendiscovered inH2S (orD2S)underhighhydrostatic
pressure1,2. These measurements were interpreted in terms
of a decomposition of these materials into elemental sulfur
and a hydrogen-rich hydride that is responsible for the
superconductivity, although direct experimental evidence for
this mechanism has so far been lacking. Here we report the
crystal structure of the superconducting phase of hydrogen
sulfide (and deuterium sulfide) in the normal and super-
conducting states obtained by means of synchrotron X-ray
di�ractionmeasurements, combined with electrical resistance
measurements at both room and low temperatures. We
find that the superconducting phase is mostly in good
agreement with the theoretically predicted body-centred
cubic (bcc) structure for H3S3. The presence of elemental
sulfur is also manifest in the X-ray di�raction patterns, thus
proving the decomposition mechanism of H2S to H3S + S
under pressure4–6.

Recently, a very high Tc of 200K has been discovered in the
hydrogen sulfide system1,2. This work was initiated by the prediction
of a substantial superconductivity in H2S (ref. 7), which in turn
arises from the idea that hydrogen-dominant metallic alloys might
be superconductors with high critical temperature, similar to pure
metallic hydrogen8.

The superconducting transition was proved by the sharp drop
of the resistance to zero, a strong isotope e�ect in a study of
D2S, a shift of the superconducting transition with magnetic
field, and finally by measuring the magnetic susceptibility and
magnetization. As a likely explanation, the authors1,2 suggested
that H2S decomposes under pressure (with the assistance of
temperature) to pure sulfur and some sulfur hydride with a higher
content of hydrogen (such as SH4 or similar). At the same time,
a theoretical work appeared which considered a di�erent starting
material (H2S)2H2 (stoichiometry H3S) and found R3m and Im-3m
structures under pressure above 111GPa and 180GPa, respectively3.
These structures and other stoichiometric compounds were further
carefully studied theoretically by di�erent groups in numerous
works4,6,9–25 and Tc ⇠200K was consistently obtained for the Im-3m
structure. The calculated Tc, as well as its pressure dependence9,
are close to the experimental data1,2. This suggests that the high
Tc observed in the experiments relates not to H2S, but to the
H3S in the Im-3m structure. Later calculations supported this idea:
H2S is indeed unstable at high pressures and should decompose
to sulfur and higher hydrides, most likely to H3S4,6,12. The goal
of the present work is to check experimentally the structure of

the superconducting hydrogen sulfide and compare it with the
theoretically predicted structure.

Samples were prepared in the same way as described in refs 1,
2—H2S was loaded at temperatures of ⇠200K, then the pressure
was increased to ⇠150–170GPa and the sample was annealed
at room temperature. Typical X-ray di�raction (XRD) images of
sulfur hydride and sulfur deuteride pressurized to 150–173GPa are
shown in Fig. 1. The XRD patterns of sulfur hydride and sulfur
deuteride samples do not di�er from each other. The di�raction
patterns seem to be produced by two major phases. This clearly
follows from the di�erent pressure dependence of the peaks (Fig. 2
and Supplementary Fig. 3) and di�erent variation of intensities
while scanning the sample over its diameter (Supplementary
Fig. 1): one group is fitted by elemental sulfur of the �-Po
structure26 and another group is described by the bcc structure
of H3S from the theoretical work3. We can conclude that H2S
(D2S) solid most likely decomposes under pressure via the route:
3H2S ! 2H3S + S.

The pressure dependence of the atomic volume, Vatm, of sulfur
hydride and sulfur deuteride are shown in Fig. 2c. It is fitted
by a first-order Birch equation of state27 with the bulk modulus
B0 = 506 (30)GPa, and its pressure derivative B0

0 = 6 (fixed). The
value of the experimentally observed Vatm is slightly larger, but the
compressibility is in good agreement with Duan’s calculation3. The
pressure dependence of the normalized atomic volume V/V0 of
elemental sulfur in the �-Po structure is shown in Supplementary
Fig. 3. It is in a good agreement with the experimental data of ref. 26
at high pressures P > 170GPa, and with our density functional
theory calculations (see Methods).

Our powder XRD measurements do not allow us to distinguish
between the predicted bcc structures: Im-3m and R3m. In these
structures the positions of the sulfur atoms are the same and
the only di�erence is the position of the hydrogen atoms:
hydrogen atoms are situated symmetrically between neighbouring
sulfur atoms in the Im-3m structure and slightly asymmetrically
in the R3m structure (Supplementary Fig. 2). However, the
position of the hydrogen atoms cannot be determined from
the powder measurements, as hydrogen atoms are extremely
weak scatterers.

The low-temperature data help with further analysis. We
measured simultaneously the XRD and electrical resistance in
the same set-up28 (Fig. 3). The transition to the superconducting
state was determined from the sharp drop of the resistance
(Fig. 3a,b). We found that the normal and the superconducting
state have the same structure, as the XRD patterns are the same

1KYOKUGEN, Graduate School of Engineering Science, Osaka University, Machikaneyamacho 1-3, Toyonaka, Osaka 560-8531, Japan. 2Max-Planck Institut
für Chemie, Hahn-Meitner-Weg 1, 55128 Mainz, Germany. 3JASRI/SPring-8, 1-1-1, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan. †These authors
contributed equally to this work. *e-mail: einaga@hpr.stec.es.osaka-u.ac.jp
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Conventional superconductivity at 203 kelvin at high
pressures in the sulfur hydride system
A. P. Drozdov1*, M. I. Eremets1*, I. A. Troyan1, V. Ksenofontov2 & S. I. Shylin2

A superconductor is a material that can conduct electricity without
resistance below a superconducting transition temperature, Tc.
The highest Tc that has been achieved to date is in the copper oxide
system1: 133 kelvin at ambient pressure2 and 164 kelvin at high
pressures3. As the nature of superconductivity in these materials is
still not fully understood (they are not conventional superconduc-
tors), the prospects for achieving still higher transition tempera-
tures by this route are not clear. In contrast, the Bardeen–Cooper–
Schrieffer theory of conventional superconductivity gives a guide
for achieving high Tc with no theoretical upper bound—all that is
needed is a favourable combination of high-frequency phonons,
strong electron–phonon coupling, and a high density of states4.
These conditions can in principle be fulfilled for metallic hydrogen
and covalent compounds dominated by hydrogen5,6, as hydrogen
atoms provide the necessary high-frequency phonon modes as well
as the strong electron–phonon coupling. Numerous calculations
support this idea and have predicted transition temperatures in
the range 50–235 kelvin for many hydrides7, but only a moderate Tc

of 17 kelvin has been observed experimentally8. Here we investigate
sulfur hydride9, where a Tc of 80 kelvin has been predicted10. We
find that this system transforms to a metal at a pressure of approxi-
mately 90 gigapascals. On cooling, we see signatures of supercon-
ductivity: a sharp drop of the resistivity to zero and a decrease of
the transition temperature with magnetic field, with magnetic sus-
ceptibility measurements confirming a Tc of 203 kelvin. Moreover,
a pronounced isotope shift of Tc in sulfur deuteride is suggestive of
an electron–phonon mechanism of superconductivity that is con-
sistent with the Bardeen–Cooper–Schrieffer scenario. We argue
that the phase responsible for high-Tc superconductivity in this
system is likely to be H3S, formed from H2S by decomposition
under pressure. These findings raise hope for the prospects for
achieving room-temperature superconductivity in other hydro-
gen-based materials.

A search for high- (room)-temperature conventional superconduct-
ivity is likely to be fruitful, as the Bardeen–Cooper–Schrieffer (BCS)
theory in the Eliashberg formulation puts no apparent limits on Tc.
Materials with light elements are especially favourable as they provide
high frequencies in the phonon spectrum. Indeed, many superconduc-
tive materials have been found in this way, but only a moderately high
Tc 5 39 K has been found in this search (in MgB2; ref. 11).

Ashcroft5 turned attention to hydrogen, which has very high vibra-
tional frequencies due to the light hydrogen atom and provides a
strong electron–phonon interaction. Further calculations showed that
metallic hydrogen should be a superconductor with a very high Tc of
about 100–240 K for molecular hydrogen, and of 300–350 K in the
atomic phase at 500 GPa (ref. 12). However, superconductivity in pure
hydrogen has not yet been found, even though a conductive and prob-
ably semimetallic state of hydrogen has been recently produced13.
Hydrogen-dominated materials such as covalent hydrides SiH4,
SnH4, and so on might also be good candidates for showing high-Tc

superconductivity6. Similarly to pure hydrogen, they have high Debye
temperatures. Moreover, heavier elements might be beneficial as they
contribute to the low frequencies that enhance electron–phonon coup-
ling. Importantly, lower pressures are required to metallize hydrides in
comparison to pure hydrogen. Ashcroft’s general idea was supported
in numerous calculations7,10 predicting high values of Tc for many
hydrides. So far only a low Tc (,17 K) has been observed experiment-
ally8.

For the present study we selected H2S, because it is relatively easy to
handle and is predicted to transform to a metal and a superconductor
at a low pressure P < 100 GPa with a high Tc < 80 K (ref. 10).
Experimentally, H2S is known as a typical molecular compound with
a rich phase diagram14. At about 96 GPa, hydrogen sulphide trans-
forms to a metal15. The transformation is complicated by the partial
dissociation of H2S and the appearance of elemental sulfur at P . 27
GPa at room temperature, and at higher pressures at lower tempera-
tures14. Therefore, the metallization of hydrogen sulphide can be
explained by elemental sulfur, which is known to become metallic
above 95 GPa (ref. 16). No experimental studies of hydrogen sulphide
are known above 100 GPa.

In a typical experiment, we performed loading and the initial pres-
sure increase at temperatures of ,200 K; this is essential for obtaining
a good sample (Methods). The Raman spectra of H2S and D2S were
measured as the pressure was increased, and were in general agreement
with the literature data17,18 (Extended Data Fig. 1). The sample starts to
conduct at P < 50 GPa. At this pressure it is a semiconductor, as shown
by the temperature dependence of the resistance and pronounced
photoconductivity. At 90–100 GPa the resistance drops further, and
the temperature dependence becomes metallic. No photoconductive
response is observed in this state. It is a poor metal—its resistivity at
,100 K is r < 3 3 1025 ohm m at 110 GPa and r < 3 3 1027 ohm m
at ,200 GPa.

During the cooling of the metal at pressures of about 100 GPa
(Fig. 1a) the resistance abruptly drops by three to four orders of
magnitude, indicating a transition to the superconducting state. At
the next increase of pressure at low temperatures of T , 100 K, Tc

steadily increases with pressure. However, at pressures of .160 GPa,
Tc increases sharply (Fig. 1b). As higher temperatures of 150–250 K
were involved in this pressure range, we supposed that the increase of
Tc and the decrease of sample resistance during warming (Fig. 1a)
could indicate a possible kinetic-controlled phase transformation.
Therefore in further experiments, after loading and after the initial
pressure increase at 200 K, we annealed all samples by heating them
to room temperature (or above) at pressures of .,150 GPa (Fig. 2a,
see also Extended Data Fig. 2). This allowed us to obtain stable results,
to compare different isotopes, to obtain the dependence of Tc on
pressure and magnetic field, and to prove the existence of supercon-
ductivity in our samples as follows. (We note that additional informa-
tion on experimental conditions are given in the appropriate figure
legends.)

*These authors contributed equally to this work.
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(1) There is a sharp drop in resistivity with cooling, indicating a
phase transformation. The measured minimum resistance is at least as
low, ,10211 ohm m—about two orders of magnitude less than for
pure copper (Fig. 1, Extended Data Fig. 3e) measured at the same
temperature19. (2) A strong isotope effect is observed: Tc shifts to lower

temperatures for sulfur deuteride, indicating phonon-assisted super-
conductivity (Fig. 2b, c). The BCS theory gives the dependence of Tc on
atomic mass m as Tc / m2a, where a < 0.5. Comparison of Tc values
in the pressure range P . 170 GPa (Fig. 2c) gives a < 0.3. (3) Tc shifts
to lower temperatures with available magnetic field (B) up to 7 T
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Figure 2 | Pressure and temperature effects on Tc of sulfur hydride and
sulfur deuteride. a, Changes of resistance and Tc of sulfur hydride with
temperature at constant pressure—the annealing process. The sample was
pressurized to 145 GPa at 220 K and then cooled to 100 K. It was then slowly
warmed at ,1 K min21; Tc 5 170 K was determined. At temperatures above
,250 K the resistance dropped sharply, and during the next temperature run Tc

increased to ,195 K. This Tc remained nearly the same for the next two
runs. (We note that the only point for sulfur deuteride presented in ref. 9 was
determined without sample annealing, and Tc would increase after annealing at
room temperature.) b, Typical superconductive steps for sulfur hydride

(blue trace) and sulfur deuteride (red trace). The data were acquired during
slow warming over a time of several hours. Tc is defined here as the sharp
kink in the transition to normal metallic behaviour. These curves were
obtained after annealing at room temperature as shown in a. c, Dependence of
Tc on pressure; data on annealed samples are presented. Open coloured
points refer to sulfur deuteride, and filled points to sulfur hydride. Data shown
as the magenta point were obtained in magnetic susceptibility
measurements (Fig. 4a). The lines indicate that the plots are parallel at
pressures above ,170 GPa (the isotope shift is constant) but strongly deviate at
lower pressures.
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Figure 1 | Temperature dependence of the resistance of sulfur hydride
measured at different pressures, and the pressure dependence of Tc. a, Main
panel, temperature dependence of the resistance (R) of sulfur hydride at
different pressures. The pressure values are indicated near the corresponding
plots. At first, the sample was loaded at T < 200 K and the pressure was
increased to ,100 GPa; the sample was then cooled down to 4 K. After
warming to ,100 K, pressure was further increased. Plots at pressures ,135
GPa have been scaled (reduced) as follows—105 GPa, by 10 times; 115 GPa and
122 GPa, by 5 times; and 129 GPa by 2 times—for easier comparison with the
higher pressure steps. The resistance was measured with a current of 10 mA.
Bottom panel, the resistance plots near zero. The resistance was measured with
four electrodes deposited on a diamond anvil that touched the sample (top
panel inset). The diameters of the samples were ,25 mm and the thickness was

,1 mm. b, Blue round points represent values of Tc determined from a. Other
blue points (triangles and half circles) were obtained in similar runs.
Measurements at P .,160 GPa revealed a sharp increase of Tc. In this pressure
range the R(T) measurements were performed over a larger temperature range
up to 260 K, the corresponding experimental points for two samples are
indicated by adding a pink colour to half circles and a centred dot to filled
circles. These points probably reflect a transient state for these particular P/T
conditions. Further annealing of the sample at room temperature would require
stabilizing the sample (Fig. 2a). Black stars are calculations from ref. 10. Dark
yellow points are Tc values of pure sulfur obtained with the same four-probe
electrical measurement method. They are consistent with literature data30

(susceptibility measurements) but have higher values at P . 200 GPa.
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Peak Number 
(PN)

2𝜃 (Degrees) Sin[𝜃(PN)]
Sin[𝜃 (PN = 1)]

𝑑(1)
𝑑(𝑃𝑁) [𝐵𝐶𝐶]

𝑑(1)
𝑑(𝑃𝑁) [𝐹𝐶𝐶]

1 11 1

2 15.7 1.4
3 19.2 1.7
4 22.1 2
5 24.9 2.25
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Figure 1 | XRD of the sulfur hydride and sulfur deuteride samples. a, Unrolled powder di�raction image of sulfur hydride at 150 GPa at room
temperature recorded on the imaging plate. b,c, Integrated XRD patterns obtained with subtraction of the background for sulfur hydride (b) and sulfur
deuteride (c). The patterns of bcc H3S and �-Po elemental sulfur at 150 GPa and 170 GPa calculated according to refs 5,26 are shown beneath the
experimentally obtained patterns. Stars indicate peaks that do not belong to the sample, as follows from the scan over the sample (Supplementary Fig. 1):
these peaks remain unchanged, whereas the sample peaks change with the radius of the sample both in position and intensity. Open circles indicate a
reflection from the high-pressure phase IV of elemental sulfur (incommensurately modulated body-centred monoclinic structure). d, XRD patterns of
sulfur deuteride at 173 GPa at 300 K and 13 K. The peaks marked by stars are not reflections from the sample. The results of analyses are shown in
Supplementary Table 1.
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Figure 2 | Pressure dependence of XRD in sulfur hydride and sulfur deuteride samples. a,b, XRD patterns taken at room temperature and di�erent
pressures for sulfur hydride (a) and sulfur deuteride (b). Upper (red) and lower (green) ticks indicate the peak positions of the predicted bcc structure of
H3S and �-Po elemental sulfur, respectively. The peaks marked with stars do not belong to the sample, as follows from Supplementary Fig. 1. On decreasing
the pressure in sulfur hydride, the phase transition of elemental sulfur is clearly observed—the peak from �-Po sulfur gradually disappears and that from
phase IV (open circle) is enhanced. c, Pressure dependence of the atomic volume of sulfur hydride and sulfur deuteride. The experimental data were
obtained with increasing pressure and are fitted with a first-order Birch equation of state (black solid line). The volumes of hexagonal (R3m) and bcc
(Im-3m) phases obtained from the theoretical work3 are shown as filled squares and filled triangles, respectively, connected with broken lines. The
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at room and low temperatures (Fig. 1d). Moreover, the structure
of the sample does not change visibly over the pressure range
92–173GPa. This is in a contrast to the dependence of the
critical temperature on pressure, which has a pronounced kink
at 150GPa for H3S and 160GPa for D3S (Fig. 3c). This kink
finds a natural explanation in the theoretical predictions9,23: the
pressure dependence of the critical superconducting temperature

is di�erent in the R3m phase at lower pressures and in the Im-3m
phase at higher pressures. Our XRD measurements support this
interpretation, as R3m and Im-3m phases di�er only in the ordering
of the hydrogen atoms, and the same XRD patterns should be the
same in the both pressure domains. Thus, one can conclude that
the highest critical temperature of 203K (ref. 2) corresponds to the
Im-3m phase.
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Table 1: The plane distance d = 2𝜋/ ℎ! +𝑘! + 𝑙! for different Miller indices (ℎ𝑘𝑙) and the structure factor 
S for different structures.  

Index i (hkl) d (2𝜋) SBCC SFCC

1 (100) 1

2 (110) 1/ 2

3 (111) 1/ 3

4 (200) 1/2

5 (210) 1/ 5

6 (211) 1/ 6

7 (220) 1/ 8

8 (221) 1/3

9 (300) 1/3

10 (310) 1/ 10

11 (311) 1/ 11

12 (400) 1/4

Example:
Body-centered cubic (bcc) structure

The bcc structure can be generated using a sc lattice
with a two-atom basis.

� �1 e i h k l
hklF f S � �ª º � �¬ ¼

First atom: d1  0,0,0� �

d2  0.5,0.5,0.5� �

f

Second atom: f

eSi h�k�l� �  
1,         h � k � l  even
�1,       h � k � l  odd


®
¯

Fhkl  
2 f ,         h � k � l  even
0,           h � k � l  odd


®
¯

So,

Structure Factors:

allowed reflections:
{110}
{200}
{202}
{222}
{400}

...systematic absences

SBCC =

Example:
Face-Centered Cubic (fcc) Structure

The fcc structure can be generated from a sc lattice
with a four-atom basis.

� � � � � �1 e e ei k l i h l i h k
hklF f S � S � S �ª º � � � �¬ ¼

First atom: d1  0,0,0� �
d2  0,0.5,0.5� �

f

Second atom:

Fhkl  
4 f ,         h,k,l  all even or all odd
0,           h,k,l  mixed even/odd


®
¯

So,

d3  0.5,0,0.5� �Third atom:
d4  0.5,0.5,0� �Fourth atom:

f

f

f

Structure Factors:
allowed reflections:

{200}
{111}
{220}
{311}
{400}

...

SFCC =



Peak Number (PN) 2𝜃 (Degrees) Sin[𝜃(PN)]
Sin[𝜃 (PN = 1)]

𝑑(1)
𝑑(𝑃𝑁) [𝐵𝐶𝐶]

𝑑(1)
𝑑(𝑃𝑁) [𝐹𝐶𝐶]

1 11 1 1
1

2 15.7 1.4 1.41 2/sqrt(3) = 1.15
3 19.2 1.7 sqrt(3)=1.73 sqrt(8/3)=1.6
4 22.1 2 2 sqrt(11/3)=1.9
5 24.9 2.25 sqrt(5)=2.24 4/sqrt(3)=2.31

Table 1: The plane distance d = 2𝜋/ ℎ! +𝑘! + 𝑙! for different Miller indices (ℎ𝑘𝑙) and the structure factor 
S for different structures.  

Index i (hkl) d (2𝜋) SBCC SFCC

1 (100) 1 = 0 = 0

2 (110) 1/ 2 ≠ 0 = 0

3 (111) 1/ 3 = 0 ≠ 0

4 (200) 1/2 ≠ 0 ≠ 0

5 (210) 1/ 5 = 0 = 0

6 (211) 1/ 6 ≠ 0 = 0

7 (220) 1/ 8 ≠ 0 ≠ 0

8 (221) 1/3 = 0 = 0

9 (300) 1/3 = 0 = 0

10 (310) 1/ 10 ≠ 0 = 0

11 (311) 1/ 11 = 0 ≠ 0

12 (400) 1/4 ≠ 0 ≠ 0



ARTICLE
Received 19 Sep 2014 | Accepted 28 Apr 2015 | Published 10 Jun 2015

Charge-ordering cascade with spin–orbit Mott
dimer states in metallic iridium ditelluride
K.-T. Ko1,2,3, H.-H. Lee1,2, D.-H. Kim1,2, J.-J. Yang2,4, S.-W. Cheong4,5, M.J. Eom6, J.S. Kim6, R. Gammag6,

K.-S. Kim6, H.-S. Kim6,7, T.-H. Kim6,7, H.-W. Yeom6,7, T.-Y. Koo8, H.-D. Kim8,9 & J.-H. Park1,2,10

Spin–orbit coupling results in technologically-crucial phenomena underlying magnetic devices

like magnetic memories and energy-efficient motors. In heavy element materials, the strength

of spin–orbit coupling becomes large to affect the overall electronic nature and induces novel

states such as topological insulators and spin–orbit-integrated Mott states. Here we report an

unprecedented charge-ordering cascade in IrTe2 without the loss of metallicity, which

involves localized spin–orbit Mott states with diamagnetic Ir4!–Ir4! dimers. The cascade in

cooling, uncompensated in heating, consists of first order-type consecutive transitions from a

pure Ir3! phase to Ir3!–Ir4! charge-ordered phases, which originate from Ir 5d to Te 5p

charge transfer involving anionic polymeric bond breaking. Considering that the system

exhibits superconductivity with suppression of the charge order by doping, analogously to

cuprates, these results provide a new electronic paradigm of localized charge-ordered states

interacting with itinerant electrons through large spin–orbit coupling.

DOI: 10.1038/ncomms8342

1 c_CCMR & Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea. 2 Max Plank POSTECH Center for Complex
Phase Materials, Pohang University of Science and Technology, Pohang 790-784, Korea. 3 Max Plank Institute for Chemical Physics in Solid, 01187 Dresden,
Germany. 4 l_PEM & Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea. 5 Department of Physics and Astronomy,
Rutgers Center for Emergent Materials, Rutgers University, Piscataway, New Jersey 08854, USA. 6 Department of Physics, Pohang University of Science and
Technology, Pohang 790-784, Korea. 7 Center for Artificial Low Dimensional Electronic Systems, Institute for Basic Science, Pohang 790-784, Korea.
8 Pohang Accelerator Laboratory, Pohang University of Science and Technology, Pohang 790-784, Korea. 9 Center for Correlated Electron Systems, Institute
for Basic Science (IBS) & Department of Physics and Astronomy, Seoul National University, Seoul 151-747, Korea. 10 Division of Advanced Materials Science,
Pohang University of Science and Technology, Pohang 790-784, Korea. Correspondence and requests for materials should be addressed to J.-H.P.
(e-mail: jhp@postech.ac.kr).

NATURE COMMUNICATIONS | 6:7342 | DOI: 10.1038/ncomms8342 | www.nature.com/naturecommunications 1

& 2015 Macmillan Publishers Limited. All rights reserved.

The characteristic orbital occupation ratio nxy:nyz:nzx! 1:1:1 for
the t2g xy, yz and zx orbitals in the Jeff! 1/2 state4 should be
adjusted by the dimerization, which relatively lowers the energy
of xy orbital along the dimer direction. A molecular field
calculation for an Ir4"–Ir4" dimer shows that the occupation
ratio becomes roughly nxy:nyz:nzx! 2:1:1 for DB0.7–0.8 eV, as
predicted in the band calculations for the q1/5 phase15. The Ir 5d
to Te 5p charge transfer reduces the density of state at EF to drive
the resistivity jump. In the q1/8 phase, the Ir4" fraction increases
and the carrier density further decreases.

Real space ordering patterns and phase diagrams. The real
space ordering patterns are investigated by using the STM
measurements from a cleaved (001) surface as shown in Fig. 5.
The stripe type modulations are clearly observable along the [100]
direction in the ordered phases. The layered structure naturally
yields the Te layer at the surface, and the STM image reflects the
tunnelling current through the Te 5p states, which is determined
by the local charge carrier density and relative vertical heights of
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q1/5! (1/5 0 1/5) peaks at 250 K (below TC
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Dashed vertical lines indicate phase boundaries. (c) The q1/5 peaks switch into the q1/8 peaks across TC
1/8 on cooling. (d) On heating, the q1/8 intensity

gradually increases above 200 K mainly due to improvement of the modulation regularity. The in-plane (a) and out-of-plane (c) hexagonal lattice constants
are displayed as a function of temperature (e) in cooling and (f) heating processes. The c/a ratio change across the transitions involves partial breaks of
Te2

3# polymeric bonds accompanying Ir average valence changes.

2:6

4:4

3:2

Ir
4+

 fr
ac

tio
n

0.8

0.6

0.4

0.2

0.0

Temperature (K)Binding energy (eV)

In
te

ns
ity

 (
ar

b.
 u

ni
t)

66 64 62 60 58 0 100 200 300

300 K

Ir 4f5/2

Ir 4f7/2

Ir4+ / (Ir4+ + Ir3+)

260 K

100 K

Figure 3 | Ir valence changes in IrTe2. (a) Ir 4f core-level photoemission
spectra at 300 K (HT), 260 K (q1/5) and 100 K (q1/8) are demonstrating Ir
valence changes. Single peaks at 300 K indicate pure Ir3" , while mixed
Ir3"–Ir4" at 260 and 100 K is evident in high binding peaks (that is, high
valence state). (b) Ir4" fractions obtained from the Ir 4f core-level spectra
are displayed as a function of temperature. The fraction stays at 2/5
(Ir3" :Ir4" ! 3:2) in the q1/5 phase, while it varies in a range from 0.5 to 0.6
in the q1/8 phase. The green lines indicate characteristic ratio of q1/5 (3:2),
(3212)-type q1/8 (4:4) and (12212)-type q1/8 (2:6) orderings.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8342

4 NATURE COMMUNICATIONS | 6:7342 | DOI: 10.1038/ncomms8342 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

ARTICLE
Received 19 Sep 2014 | Accepted 28 Apr 2015 | Published 10 Jun 2015

Charge-ordering cascade with spin–orbit Mott
dimer states in metallic iridium ditelluride
K.-T. Ko1,2,3, H.-H. Lee1,2, D.-H. Kim1,2, J.-J. Yang2,4, S.-W. Cheong4,5, M.J. Eom6, J.S. Kim6, R. Gammag6,

K.-S. Kim6, H.-S. Kim6,7, T.-H. Kim6,7, H.-W. Yeom6,7, T.-Y. Koo8, H.-D. Kim8,9 & J.-H. Park1,2,10

Spin–orbit coupling results in technologically-crucial phenomena underlying magnetic devices

like magnetic memories and energy-efficient motors. In heavy element materials, the strength

of spin–orbit coupling becomes large to affect the overall electronic nature and induces novel

states such as topological insulators and spin–orbit-integrated Mott states. Here we report an

unprecedented charge-ordering cascade in IrTe2 without the loss of metallicity, which

involves localized spin–orbit Mott states with diamagnetic Ir4!–Ir4! dimers. The cascade in

cooling, uncompensated in heating, consists of first order-type consecutive transitions from a

pure Ir3! phase to Ir3!–Ir4! charge-ordered phases, which originate from Ir 5d to Te 5p

charge transfer involving anionic polymeric bond breaking. Considering that the system

exhibits superconductivity with suppression of the charge order by doping, analogously to

cuprates, these results provide a new electronic paradigm of localized charge-ordered states

interacting with itinerant electrons through large spin–orbit coupling.

DOI: 10.1038/ncomms8342

1 c_CCMR & Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea. 2 Max Plank POSTECH Center for Complex
Phase Materials, Pohang University of Science and Technology, Pohang 790-784, Korea. 3 Max Plank Institute for Chemical Physics in Solid, 01187 Dresden,
Germany. 4 l_PEM & Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea. 5 Department of Physics and Astronomy,
Rutgers Center for Emergent Materials, Rutgers University, Piscataway, New Jersey 08854, USA. 6 Department of Physics, Pohang University of Science and
Technology, Pohang 790-784, Korea. 7 Center for Artificial Low Dimensional Electronic Systems, Institute for Basic Science, Pohang 790-784, Korea.
8 Pohang Accelerator Laboratory, Pohang University of Science and Technology, Pohang 790-784, Korea. 9 Center for Correlated Electron Systems, Institute
for Basic Science (IBS) & Department of Physics and Astronomy, Seoul National University, Seoul 151-747, Korea. 10 Division of Advanced Materials Science,
Pohang University of Science and Technology, Pohang 790-784, Korea. Correspondence and requests for materials should be addressed to J.-H.P.
(e-mail: jhp@postech.ac.kr).

NATURE COMMUNICATIONS | 6:7342 | DOI: 10.1038/ncomms8342 | www.nature.com/naturecommunications 1

& 2015 Macmillan Publishers Limited. All rights reserved.

www.nature.com/scientificreports/

4SCIENTIFIC REPORTS�ȁ�ͽǣ 17157 �ȁ����ǣͷͶǤͷͶ;Ȁ�ͺͷͻͿ;ǦͶͷͽǦͷͼͿͺͻǦͽ

develops three domains with a short lattice parameter along the !a , 
!b  or ! "

!a b  axes, see Fig.!3(a). All three 
types of domain are observed when scanning along the (1, 0, 1) direction in the pressure-induced twinned phase 
and hence two Bragg peaks are found – shown in Fig.!2(a). "is twinning e#ect clearly appears before charge 
ordering, suggesting that the latter is lattice driven. Given that we observe the same (1/5, 0, 1/5) modulation as in 
IrTe2 (high-temperature), it is not inconceivable that the same conclusion applies to the parent compound. 
Combining our results with previous studies of IrTe2, we propose in Fig.!4(a) a schematic pressure, Pt substitution 
and temperature phase diagram including the charge ordering and the structural hexagonal to monoclinic 
transition.

Charge order structure. The surface and bulk charge ordering structure of IrTe2 has been studied by 
scanning tunnelling microscopy (STM)29–34 and x-ray di#raction24,25,35 techniques. "e STM studies generally 
$nd uniaxial charge ordering structures. Furthermore, di#erences in charge modulations between the bulk and 

Figure 3. (a) Projection of the hexagonal crystal structure of IrTe2. "e transition into monoclinic structure 
implies formation of three domains where a short lattice parameter axis is found along the a!, 

!b  or a b! "
!

 
direction. "ese domains are labeled A, B and C respectively. (b) Stripe charge order forms along the short axis 
direction. "e Ir3+- Ir3+ dimers – indicated by red bonds – intersect the crystal structures with 

!b , a c! + ! 
planes.

Figure 4. (a) Schematic pressure - temperature phase diagrams of the charge ordering and crystal lattice 
twinning of Ir1"xPtxTe2. (b) Hydrostatic pressure vs temperature map of the di#erence between the warming 
and cooling resistivity curves of Ir0.95Pt0.05Te2 represented in false colours. (c) Similar map but for the di#erence 
of each resistivity curve with the one measured at 1.4 kbar in the superconductor transition temperature range 
(displayed in logarithmic-intensity scale). Red ticks indicate the measured pressures. White dashed lines are 
guides to the eye.
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FIG. 1. (Color online) (a) The lattice structure of IrTe2 in the
trigonal phase at T > Ts ; brown (blue) balls represent Te (Ir) atoms.
(b) Single-crystal x-ray diffraction pattern at 273 K and (c) at 173 K.
(d) (H 0 L) reciprocal plane from the pattern in (c) shows the
superlattice peaks along the wave vector of (1/5, 0, 1/5). Subcell
peaks (1 0 1) and (1 0 !1) are circled in green and yellow to distinguish
(H 0 L) from (H 0 !L).

relaxation. The VASP code23 with projector augmented wave
(PAW) pseudopotentials24 with an energy cutoff of 300 eV was
used for the phonon calculations. The phonons were obtained
using a supercell approach25 as implemented in the PHONOPY
code26 with a 4 " 4 " 3 supercell.

III. RESULTS AND DISCUSSION

The structural transition in the crystal used for x-ray
diffraction occurs near Ts # 264 K during the warming process.
Above Ts , trigonal P 3̄m1 symmetry was observed [Fig. 1(b)]
by x rays. Below Ts , at T = 173 K, superlattice peaks appear
and the subcell peaks split into more than four overlapped
peaks [Fig. 1(c)], which makes it difficult to determine the
LT lattice and to extract the peak intensity for each q. By
making a reciprocal plane cut, the superlattice peaks with a
wave vector of (1/5, 0, 1/5) were observed [see Fig. 1(d)].
The reflections (1 0 !1) and (1 0 1) have the same q length
but different intensities, which are marked in the plot and were
used to determine the wave vector of (1/5, 0, 1/5). Note, the
wave vector of (1/5 0 -1/5), reported by electron diffraction,6

is equivalent to (1/5, 0, 1/5) by using different Te coordinates.
To determine the lattice parameters of the LT structure and

also confirm the structural origin of the superlattice peaks, we
selected a crystal with a size of 2.1 " 1.6 " 0.24 mm for the
single-crystal neutron diffraction. The q scans along (H 0 H )
at 300 and 250 K are plotted in Fig. 2(a), the superlattice peaks
occur below Ts with the same wave vector of (1/5, 0, 1/5),
which indicates that the superlattice peaks found by electron
diffraction studies6 and our x-ray diffraction are mainly caused
by the structural modulation. The inset to Fig. 2(a) shows
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FIG. 2. (Color online) (a) q scans along (H 0 H ) measured by
neutron diffraction at 300 K (black solid square) and 250 K (red solid
circle). The scan at 250 K shows the same wave vector of (1/5, 0,
1/5). The strong peak (1 0 1) vs the weak peak (1 0 !1) is also shown
in the inset. (b) q scans along (H 0 H ) from neutron diffraction
calculation based on the solved LT structure [see Fig. 3(b)]. (c) and
(d) Peak intensities of (!2 1 0) and (!1.8 1 0.2) with temperature
warming (red open circle) and cooling (black open square) show
the first-order structural transition accompanied by the superlattice
structural modulation. Black and red dashed lines are guides to the
eye. Inset in (d) shows the radial scan of (!1.8 1 0.2) at 300 K (black
solid square) and 250 K (red solid circle).

the reflections of (1 0 1) and (1 0 !1) to confirm that the
reciprocal lattice is indexed in the same way as that used
for the x-ray data. The structural transition was tracked by
both the subcell peak (!2 1 0) and the superlattice peak
(!1.8 1 0.2). The superlattice peaks occur together with the
structural transition. Comparing with the crystal measured by
x rays, a higher transition temperature occurs at Ts = 285 K
during the warming process [Figs. 2(c) and 2(d)]. Since
the structure refinements above Ts show the same trigonal
structure, the higher Ts is likely to be associated with the
residual stress caused by a faster cooling rate during the sample
synthesis. Both crystals should have the same LT structure
since they show almost the same diffraction pattern below Ts .
The hysteresis with warming and cooling confirms that the
structural transition is first-order. Below Ts , by analyzing the
Bragg peaks measured in the single-crystal neutron diffraction,
we obtained the trial lattice parameters of the LT structure, and
they were used for indexing the powder-diffraction pattern.
Due to complicated twinning (more than four domains) in the
single crystal below Ts , the structure factors have not been
successfully extracted.

Since the powder x-ray diffraction is insensitive to twin-
ning, we collected data from a powder sample above and below
Ts . At 300 K, the powder pattern was collected in an hour and
the refinement shows that the sample has trigonal symmetry,
as in the above measurements. The lattice parameters are a =
3.9293(1) Å and c = 5.3981(1) Å. The Appendix contains the
refined powder pattern and detailed structural information. A
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S4: MODELLING OF THE CDW ORDER. 
 
X-rays are primarily scattered by the electronic charges in a crystal, but there is also weak non-
resonant scattering by magnetic order [39]. Assuming a magnetic moment around 1 µB per unit 
cell, we calculate that any magnetic signal would be at least 3 orders of magnitude weaker than 
our observed satellites; hence our signal must originate from charge and not magnetic scattering. 
Our measurements alone do not rule out magnetic ordering accompanying the lattice modulation 
(such magnetic ordering - as estimated above - would not be detectable), but the field-
independence of the modulation seen in the normal state strongly suggests no magnetic effects 
(apart from those on the superconductivity) and NMR measurements [13] on an ortho-VIII sample 
and soft X-ray measurements [32] on an ortho-III sample also rule out magnetic ordering. A 
charge density wave causes a redistribution of the electronic charge in space. There are two 
connected effects. (1) The charge (valence) associated with each atom can vary in space. (2) 
Electron-phonon coupling means that there is a modulation of the atomic positions associated with 
a CDW [15, 40]. Thus, displacement of the atoms (and their charge clouds) gives rise to a second 
contribution to the charge redistribution. As discussed in [15] and section S7 the atomic 
displacement term gives the dominant contribution. 
 
A modulation of the atomic positions can be expressed in the form 
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where 0
ir  are the unperturbed atomic positions and ku  is the amplitude of the Fourier component 

with wavevector kq . Such a modulation gives rise to new satellite peaks at positions 

,knqĲQ += where Ĳ denotes the reciprocal lattice points,.  The intensity of the satellite peaks is 
proportional to the square of the component of the displacement parallel toQ . (The displacement 
of ions within Bragg planes has no effect on the X-ray scattering, only displacement perpendicular 
to the planes.) Because c* is about 3 times smaller than a*, we note that Q is nearly parallel to a*, 
so the X-rays will be much more sensitive to ionic displacements along a, than those which may 
occur along c.  
 
To model our results, we computed the expected scattering distributions for various patterns of 
lattice modulation (see Fig. 3).  We consider finite arrays of atoms with sizes up to 500 unit cells 
in each direction.  The structure factor is then given by,   
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where the scattered intensity is given by I = |F(Q)|2, fj(Q) are the atomic scattering amplitudes 
(Using ionic scattering amplitudes makes no qualitative difference to our results.), rj are the ionic 
positions and the sum is over the whole array.  We take ku  parallel to a, since we are only 
sensitive to displacements parallel to the scattering vector Q, which is close to this direction.  Two 
models which are consistent with the data (see section S9 for further discussion) are the “bilayer 

S =



vectors in reciprocal space coordinates (h, k, c), where
Q! (ha*" kb*" cc*). Here a, b, c are the Cartesian vectors
defining the YBCO crystal cell dimensions, and a*, b*, c* are
the corresponding vectors in reciprocal space; q is used to denote
the full wave vector of a CDW mode and d its basal plane part.
By collecting a comprehensive data set, we deduce with
great certainty the displacement patterns of the ions in the unit
cell and hence the structure of the CDW in YBCO.

Our experiment was carried out on an underdoped crystal with
the ortho-II structure (meaning that the oxygen sites on alternate
CuO chains are unoccupied). The crystal was the same as that
used in ref. 7. Ortho-II was selected as it has been well-studied by
multiple techniques and the satellites associated with the oxygen
ordering have minimal overlap with the CDW satellites. Here
daB0.323, dbB0.328 for this underdoped YBCO crystal.

Measurements were made at the superconducting Tc of our
sample (60 K), where the CDW intensity is a maximum in zero
field4. CDW signals in high-Tc cuprates are observed with basal
plane wave vectors along both a and b crystal directions. These
modulations may be present in the crystal in separate domains
having qa or qb modulation (a 1-q model); alternatively, both
modulations could be present and superposed in the same region
(a 2-q model). Intensity measurements at separate qa and qb do
not interfere, so all qualitative features of the two CDW
components that we may deduce from our results are
independent of the 1- or 2-q state of the sample, which only
affects numerical estimates of the absolute magnitudes of the
displacements (by a factor of O2).

Figure 1a–c shows some typical scans through CDW
diffraction satellites. They peak at half-integral values of c
(Fig. 1e), and are extremely weak (B10# 7 of a typical crystal
Bragg reflection). Therefore, the satellites are measured above a
relatively large background, but due to their known position and
shape, their intensities can be found and spurious signals ignored
(see Methods). A compilation of some of the measured CDW
intensities is displayed in Fig. 2; the area of the red semicircles is
proportional to the measured peak intensity.

X-rays are sensitive to ionic displacements. Non-resonant
X-rays are primarily sensitive to the ionic displacements
associated with a CDW, rather than changes in charge densities,
although if one of these is present, so must the other26.
(See Supplementary Note 1 for a simple model.) The CDW
order gives rise to very weak diffraction satellites at positions in
reciprocal space Q! s±q around lattice Bragg peaks s which are
at integer h, k and c. The diffracted amplitude at wave vector Q
due to an ion carrying a total of N electrons displaced by small
distance u is BN Q.u. Hence, the variation of the intensities with
Q reflects the directions and magnitudes of the different ion
displacements throughout the unit cell, and by observing
intensities of CDW diffraction signals over a wide range of
directions and values of Q we can determine the CDW structure.
(See also an illustration of this point in Supplementary Fig. 1.)
The full theory relating the CDW satellite intensities to the CDW
structure is given in Supplementary Note 2.

We may write the displacements uj, of the individual ions from
their regular positions r0

j as a sum of two terms, one of which is
polarized along c $uc

j % and the other (ua
j or ub

j ) parallel to d, with
mirror symmetry about the relevant layer of the crystal.

rj! r0
j "uc

j cos$d:r0
j "j%"ua;b

j sin$d:r0
j "j%; $1%

Symmetry27 requires that the uc
j and ua;b

j displacements are p/2
out of phase, as expressed in equation (1).

Ionic displacements obtained from the intensities. Group
theory indicates which of the incommensurately modulated dis-
placement patterns or irreducible representations (IRs) are con-
sistent with the observed ordering wave vectors. There are four
IRs for each ordering wave vector, labelled A1, A2, A3 and A4 for
qa and similarly B1–B4 for qb (ref. 27). The even-numbered
patterns have purely basal plane transverse displacements, and
are therefore incompatible with our observations of satellites close
to both the c* axis and the basal plane4. The other IRs have
longitudinal displacements in the basal plane parallel to d,
combined with shear displacements parallel to the c axis. Only the
A1 pattern for qa (and B1 for qb) are consistent with our data.
These IRs have equal c-axis shear displacements in the two halves
of the CuO2 bilayer region, combined with basal plane
compressive displacements (and hence charge density
modulations), which are equal and opposite in the two halves
of a bilayer. Thus, these CDWs break the mirror symmetry of the
bilayers. For these patterns, the CuO chain layer is a mirror plane
of the CDW. For the patterns A3 and B3, the yttrium layer is
instead a mirror plane of the CDW, so that the basal plane
compressive displacements would be equal on the two sides of the
bilayer. (See also Supplementary Note 3 and Supplementary
Figs 2 and 3 for a visualization of these symmetries.)
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Figure 2 | Sample data compared with the fits to the two possible
models. (a,b) Maps of the satellite intensities associated with CDW
modulations qa and qb measured in the (h, 0, c) and (0, k, c) planes of
reciprocal space, respectively. The measured intensities are proportional to
the areas of the red semicircles on the right of each Q point. Two different
models are allowed by group theory: one involves the modes A1 (for qa) and
B1 (for qb), and the other the A3 and B3 modes. The blue semicircles show
the results of a good fit to the A1/B1 modes (to all measured data, not just
that shown in the Figure). (c,d) The same data (red semicircles) and the
analogous fits (blue semicircles) to the A3/B3 modes; these give a very poor
fit to the data. Blank spaces indicate inaccessible regions or where a
spurious signal prevented measurements of the CDW order.
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A charge density wave (CDW) is a periodic modulation of
the electron density, associated with a periodic lattice
distortion that may or may not be commensurate with the

crystal lattice. The charge density modulation may be brought
about by electron–phonon or electron–electron interactions1. It is
now clear that the CDW state is a ubiquitous phenomenon in
cuprate high-critical-temperature (high Tc) superconductors,
appearing in the underdoped region in both hole-2–15 and
electron-doped16 materials at a temperature higher than Tc,
suggesting that the CDW is a characteristic instability of the
CuO2 plane. The CDW competes with superconductivity2–4,17,
and pressure-dependent data18 suggest that if the CDW can be
suppressed in YBa2Cu3Oy (YBCO), then an enhanced Tc occurs
in the nominally underdoped region rather than at optimum
doping. Experiments on YBCO using resonant soft X-ray
scattering suggest that the CDW is associated with significant
d-wave components for charges on the oxygen bonds around
the Cu site19,20, as proposed by Sachdev21. This conclusion
is supported by scanning tunnelling microscopy (STM)
observations of the surface of Bi2Sr2CaCu2O8! x and
Ca2" xNaxCuO2Cl2 (ref. 22). However, to understand the
generic high-Tc CDW phenomenon, discovering the actual
structure of the CDW is vital.

CDWs break the translation symmetry of the parent lattice,
and have been observed by X-ray diffraction, and many other
probes such as STM22 and nuclear magnetic resonance17,23.
Signatures of the Fermi surface reconstruction believed to be
associated with this include quantum oscillation measurements24,
which show unexpectedly small Fermi surface pockets in
an underdoped sample, and transport measurements, which
indicate a change from hole carriers in the overdoped region to

electron-like transport in the underdoped region25. To relate
these observations to the CDW, its actual structure needs to be
known. The studies of CDWs by X-ray diffraction in numerous
cuprates have generally concentrated on determining the wave
vector of the CDW and the temperature and magnetic field
dependence of the order parameter and correlation lengths, and
therefore have considered only a handful of diffraction satellites
arising from the CDW. The only way to determine the structure
unambiguously is by measuring the intensities of as many CDW
satellites as possible.

Here we determine the structure of the CDWs in a bilayer
cuprate. The material we have investigated is the well-studied
material YBCO at a doping level where there is strong
competition between superconductivity and the CDW, and the
oxygen ordering in the crystal is most perfect. We find that the
ionic displacements associated with the CDWs are maximum
near the CuO2 bilayers and break their mirror symmetry. They
involve displacements of planar oxygens perpendicular to the
layers; these displacements have a strong component with d-
symmetry. These results allow a physical understanding of the
changes in electronic structure, transport properties and quantum
oscillation results in the normal state of this cuprate material that
are associated with the CDWs.

Results
X-ray diffraction measurements. We have used non-resonant
X-ray diffraction to measure the intensities of all experimentally
accessible CDW satellites near the (h, 0, c), (0, k, c) and (h, h, c)
planes for both of the CDW modulation vectors, qa# (da, 0, 0.5)
and qb# (0, db, 0.5). Throughout this paper, we express wave
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Figure 1 | Typical observations of CDW satellites at 60 K and their temperature dependence. (a–c) are obtained for the CDW with modulation vector qb.
They are scans parallel to the basal plane component of the modulation, through the points (h, k, c)# (0, 1" d, 16.5), (0, 1" d, 15.5) and (0, 3! d, 4.5). The
counts are normalized so that they are approximately per second, measured over 10 s per point, plotted versus wave vector along the b* direction,
labelled k. (a) shows a strong satellite, along with the fit line which gives the intensity as the area under the peak. The CDW is clearly centred at an

incommensurate position (dbB0.328), although the value 1
3 lies within the peak. (b) shows a weaker peak and (c) is taken at a position where the CDW

signal is unobservably small, and the fitted area of the peak is controlled by Poisson errors. (d) The intensities of CDW satellites for both qa (daB0.323)
and qb (dbB0.328) modes, normalized to their intensities at Tc, are plotted versus temperature; these track each other within errors. (e) The integrated
intensity of the satellite (a) is plotted versus c. The width in c, which reflects the finite c-axis coherence of the CDW, is much larger than the instrument
resolution. Since it is a property of the CDW, it is the same for all satellites. All error bars in the above plots represent Poisson counting s.d.’s.
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Out-of-plane distortions
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FIG. 2. Comparison between measured CDW di↵raction intensity and structural models with modulation of either one or
both formula unit layers of the unit cell. (a) Plots of the K = 0 di↵raction planes. The left panel shows the experimental
data. Blank areas in the di↵raction planes denote areas where a CDW intensity could not be definitely extracted. The middle
and right panels shows the calculated peak intensities for the Bbmb space group of irreducible representation (irrep) S1 using
modulations of either one or both planes in the crystal structure (one-layer and two-layer models respectively). In all panels,
the radius is proportional to the intensity. (b) and (c) Measured vs. calculated intensity for the best fit values of the model
parameters. The dashed red line traces the ideal case of the measured and calculated intensity being equal. The better fit in
panel (b) proves that the CDW induces distortions in both planes of the La1.875Ba0.125CuO4 unit cell. For readability, the
errorbars are shown for only 1% of the data points.

~q = (0,±0.24,±0.5) [5, 28, 36]. The rod-like structure
is due to the short correlation length in the out-of-plane
direction, while the half-integer L peak position is a re-
sult of the out-of-phase stacking of the charge pattern
between adjacent unit cells.

The intensities of the CDW peaks were extracted from
this data set by summing over each four-voxel-wide re-
gion surrounding the peaks and subtracting the back-
ground as shown in Fig. 1(c). Despite masking of bright
Bragg peaks, some streaks of intensity remain in the data
due to ‘blooming’ from saturation of the detector. The
reciprocal space map was manually inspected in the re-
gion of each peak to check for bright streaks at the CDW
peak position, and contaminated peaks were excluded
from the data set. The error in the peak intensity was

estimated as the square root of the intensity. Due to twin-
ning, and lattice symmetry, the CDW produces peaks
along both H and K, so for simplicity we can choose
to focus on either H and K without losing any informa-
tion. For the analysis, we chose to analyze peaks with the
CDW along H i.e. peaks with H ⇡ n±1/4 where n is an
integer. The data were also symmetrized by reflection in
the K = 0 mirror plane.

III. STRUCTURAL MODEL AND FITTING

While there are CDW modulations in two orthogonal
in-plane directions, there is no evidence for significant
coupling between these modulations. This is consistent
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II. DATA COLLECTION

La1.875Ba0.125CuO4 single crystal samples were grown
at Brookhaven National Laboratory using the floating
zone method. The samples were cut with a razor blade
and a piece approximately 200 µm in all directions was se-
lected for the measurement. X-ray di↵raction data were
collected at the 6-ID-D beamline at the Advanced Pho-
ton Source at the Argonne National Laboratory. The
beam size was 500 ⇥ 500 µm2 and the x-ray energy was
set to 87 keV to collect a large volume of reciprocal space
and to minimize signal distortions due to absorption. For
La1.875Ba0.125CuO4 the attenuation length for 87 keV x-
rays is ⇠ 600 µm. The samples were chosen to be smaller
than the beam size and isotropic in shape in order to mit-
igate variation in intensity due to absorption e↵ects or
the amount of sample in the beam. We selected a sample
with a mosaic spread of less than the 0.1� experimental
resolution for the data collection.
The sample was cooled using a helium cryocooler, and

data were collected by continuously rotating the sample
while reading out the Pilatus 2M CdTe detector every
0.1�. The images were processed by mapping each pixel
into reciprocal space and then binning the pixels into
a 3-dimensional grid of voxels. Bright Bragg peaks were
masked on the raw images prior to binning to improve the
visibility of weak features such as the CDW peaks. Two
further di↵erent rotations were made at di↵erent sample
tilt angles, in order to provide comprehensive mapping
of reciprocal space and to fill in unpopulated voxels. The
data shown correspond to a total measurement time of 4
hours.
Figure 1(a) illustrates the large extent of reciprocal

space measured, and shows approximately one-sixth of
the full dataset. The data were collected at 28 K,
well below the simultaneous LTT structural phase tran-
sition and CDW ordering at 54 K. Throughout this
work we will refer to reciprocal space positions using re-
ciprocal lattice units (RLU), in terms of the unit cell
of the high-temperature tetragonal (HTT) phase with
a = b = 3.78 Å and c = 13.28 Å. We use this nota-
tion to maintain consistency with literature, even though
La1.875Ba0.125CuO4 goes through two structural tran-
sitions with decreasing temperature, entering the low-
temperature orthorhombic (LTO) phase at 240 K and the
low-temperature tetragonal (LTT) phase at 54 K. The
unit cell of the LTO and LTT phases is larger and ro-
tated by ⇠ 45�, leading to superlattice peaks at ( 12 ,

1
2 , L)

positions. These superlattice peaks are visible in the hor-
izontal cuts of the reciprocal space shown in Fig. 1(a).
The data also show faint but clearly visible CDW

signal at wavevectors of ~q = ±(0.24, 0, 0.5) and ~q =
±(0, 0.24, 0.5) surrounding the structural Bragg peaks,
as shown in Fig. 1(b). The CDW peaks are extended
and rod-like in the L direction, and are centered at
half-integer L positions. These are well-known features
of the CDW in La1.875Ba0.125CuO4 — all detectable
CDW peaks are of the type ~q = (±0.24, 0,±0.5) or

FIG. 1. La1.875Ba0.125CuO4 CDW measurements over a large
reciprocal space range at 28 K. (a) Extended reciprocal space
data ranging from L = 10 to L = 20, showing di↵use scat-
tering from the high-temperature tetragonal (HTT) structure
(at integer positions) and low-temperature tetragonal (LTT)
peaks at ( 12 ,

1
2 , L) positions. (b) (H0L) reciprocal space

map showing Bragg peaks and CDW signal appearing as dif-
fuse rods located at ±0.24 to either side of the Bragg peaks.
(c) The region indicated by the white rectangle in panel (b)
summed over the K and L directions. The background was
fit with a quadratic function over a small region surrounding
the known peak position. Four voxels covering 0.08 recipro-
cal lattice units (RLU) were summed over to encompass the
CDW peak width, as illustrated by the vertical red dashed
lines. The points within this region were summed to give the
CDW peak intensity. Error bars shown are the square root
of the total photon counts. The faint streaks that form along
random reciprocal space directions are detector artifacts as
described in the text.

3D – scattering volume
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The deduced ionic displacements are maximal near the CuO2
planes and weak near the CuO chains; this is in agreement with
the observed competition between the CDW and superconduc-
tivity2–4,17. Surprisingly, the largest amplitudes are out-of-plane
shear rather than compression of the CuO2 planes, so that the
CDW is not purely a separation of charge as commonly assumed.
It may be that the lattice is deforming in this way because shear
deformations cost less elastic energy than compressive ones.
There are also CDW-modulated charges associated with the small
longitudinal displacements in the two halves of a bilayer, but they
are equal and opposite. This would be favoured by Coulomb
effects within a bilayer. We note the similarity of some of the
displacements to a soft phonon observed in optimally doped
YBCO (ref. 28). However, in that mode, the c-motion is in
antiphase for the two halves of the bilayer. Buckling of the CuO2
planes is also seen in 214 compounds29, where it mainly consists
of tilts of rigid Cu–O octahedra. Here, however, the
displacements in the CuO2 layers are clearly inconsistent with
tilts of a rigid arrangement of ions.

We draw attention to the up/down butterfly nature of the
displacements of the four oxygens around a Cu in the bilayers,
which is seen for both qa and qb modes. The two oxygens in the
d-direction around a copper are displaced in the same direction
as the Cu along c, but the other perpendicular pair is displaced
oppositely (Fig. 3). To an STM (ref. 22) this could appear as a
d-charge density on the oxygens, since c-axis motion of an
oxygen—relative to the yttrium and/or to the crystal surface
would alter its local doping and electronic state. We note that the
STM measurements are analysed in such a way as to emphasize
the electronic states, rather than the positions of atoms. In Fig. 5a,
we show qualitatively what the effect on the local doping of the
oxygen ions might be by assuming that the change is proportional
the displacement along c. The pattern produced has the same
symmetry as that observed by STM (ref. 22) in Ca2! xNax
CuO2Cl2 (Fig. 5b). STM and azimuthal angle-dependent resonant
X-ray studies19,20 of the charge order have been analysed in terms
of modulated states with local symmetry of three types with
respect to a planar copper site: equal density on the copper atoms
(s-symmetry); equal density on the neighbouring oxygen atoms
(s0-symmetry); opposite-sign density on the neighbouring Ox and
Oy sites (d-symmetry). Our measured copper and oxygen
displacements, recorded in Table 1, can provide an explanation
for the relative proportions of these components. In agreement
with the STM and resonant X-ray studies, we find that the
d-symmetry component is dominant.

These results carry several important messages. First, they
show that a strictly planar account of high-Tc phenomena may
miss important aspects of the physics, and that the third
dimension and crystal lattice effects cannot be ignored. In our
experiments, we have observed a charge density wave with a
strong shear (c-axis) component. The butterfly pattern of oxygen
shear displacements around the planar copper ions can simulate a
d-charge density on the oxygens. It will be very interesting to
repeat these X-ray measurements on other underdoped high-Tc
compounds to establish the generality (or otherwise) of these
results, and to relate these results to the changes in the CDW that
occur at high fields where quantum oscillation measurements are
performed. Ultrasonic measurements30 show that changes occur
at B18 T. Very recent measurements in pulsed field31 in an
YBCO sample with ortho-VIII oxygen ordering show that longer-
range order with the same value of db emerges at high field. This
is clearly related to our zero-field structure, and leads to
interesting questions32 about the Fermi surface reconstruction

Table 1 | The values of fitted ionic displacements.

uc for qb ub for qb uc for qb ub for qb f(Q"0)
# uc (qb)

f(Q"0)
# ub (qb)

uc for qa ua for qa f(Q"0)
# uc (qa)

f(Q"0)
# ua (qa)

Y 1.50 (3) 0 1.50 (3) 0 54 (1) 0 0.94 (6) 0 34 (2) 0
Ba 0.83 (2) 0.66 (3) 0.83 (2) 0.65 (2) 45 (1) 35 (1) !0.20 (2) 1.30 (5) ! 11 (1) 70 (3)
Cu (plane) 1.49 (3) 0.17 (5) 1.48 (3) 0.18 (5) 40 (1) 5 (1) 1.06 (5) 0.42 (6) 29 (2) 11 (2)
Ox (plane) ! 1.68 (16) 0.15 (30) ! 1.66 (15) 0.0 (0) ! 17 (2) 0 (0) 3.83 (30) 2.30 (42) 38 (3) 23 (4)
Oy (plane) 2.65 (16) 1.34 (30) 2.64 (16) 1.38 (27) 27 (2) 14 (3) !0.94 (28) 0.67 (40) !9 (3) 7 (4)
O (apical) !0.08 (18) 1.46 (24) 0.0 (0) 1.44 (23) 0 (0) 51 (9) 0.0 (0) 0.0 (0) 0 (0) 0 (0)
Cu (chain) 0 0.58 (7) 0 0.58 (7) 0 16 (2) 0 0.71 (9) 0 19 (3)
O (chain) 0 1.4 (2.7) 0 0.58 (0) 0 3 (0) 0 0.71 (0) 0 4 (0)
D-W a 4.9 (5) 4.9 (5) 4.8 (5) 4.8 (5) 6.2 (9) 6.2 (9)
D-W b 3.3 (10) 3.3 (10) 3.2 (9) 3.2 (9) 4.8 (16) 4.8 (16)
w2 1.01 1.01 1.00 1.00 0.96 0.96

These are in absolute units, 10! 3 Å, calculated, as described in Supplementary Note 4 and 5, from the fit of the data for the qb and qa modulated CDWs in ortho-II YBCO and subject to an overall
possible systematic error B50%, not included above. In the first two columns all variables are free, and in the second pair some values have been fixed and are marked by an error 0 in parentheses.
Also given are the values multiplied by the scattering amplitude for each ion at Q"0 (the number of electrons on the ion) to emphasize the relative contributions of each ion to the amplitude.
The c-components of the displacements are even about the yttrium layer of the crystal unit cell, and the horizontal displacements are odd. Displacements that are zero by symmetry are represented by 0.
Below the displacements are given the fitted anisotropic Debye–Waller factors a and b, which appear in the expression: exp$ ! a$Q2

x %Q2
y &! bQ2

z &. This multiplies the calculated intensities, and slightly
improves the fit to the data, although the fitted displacements are little altered by including it. The units of a and b are 10! 3 Å2. The bottom row of the Table gives w2 per degree of freedom for the fits.
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Figure 5 | Comparison of the bilayer oxygen height with an STM R(r)
image. (a) A representation of the spatial variation of the z co-ordinate
of the bilayer oxygen atoms from our X-ray results is shown for one
(qa) of two modulation directions present in the crystal. In (b) is an STM
R(r) image, (where R(r)" I (r,E)/! I (r,! E) is a measure of the asymmetry
of the current for positive and negative bias) acquired from the lightly
doped cuprate Ca2-xNaxCuO2Cl2 (NaCCOC). (Reproduced with permission
from ref. 22.) The R(r)-image is used to highlight spatial variation of doping
or electronic structure. Both a and b have the same symmetry as a bond d-
density wave along the da direction. Note that NaCCOC has a repeat period
of approximately four unit cells, which is longer than that in YBCO.
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Some ionic displacements in these IRs are zero by symmetry.
This results in a detailed description of an IR that consists of 13
non-zero parameters representing displacement components of
the 11 ions in the YBCO unit cell. In our model, we average over
the half-occupied chain oxygen site in ortho-II YBCO, because we
find no evidence for different responses in those cells having a full
or empty CuO chain. (No CDW satellites were observed about
s!!a* positions). Our most complete data set is for the qb
satellites. The qa data are somewhat sparser and the results have
larger errors, due to the tails of the peaks arising from the ortho-II
oxygen ordering which give large and rapidly varying
backgrounds.

Models A1 and B1 always converged in a few iterations to a
good fit and gave the same fitted values of displacements
independent of the starting value of the parameters. In contrast,
models A3 and B3 always gave poor fits (for example, w2(B3)
410" w2(B1)), whatever the starting values of the fitting
parameters. Sample data and fits are shown in Fig. 2, with
complete maps of the intensities measured and the fits in
Supplementary Fig. 4.

We therefore conclude that the IRs A1 and B1 are close to an
accurate representation of the CDW. In Fig. 3, we represent the
patterns of ionic displacements in a single unit cell as given by
the data for both qa and qb modulations. The overall similarity of
the two patterns is apparent. The spatial variation of the ionic
displacements, shown in Fig. 4, is derived from the motifs in
Fig. 3 by modulating the c-axis and basal plane displacements by
cos(2pdax/a) and sin(2pdax/a) respectively for the qa mode, and
similarly for qb.

We have obtained an estimate of the absolute magnitude of ion
displacements by comparing the satellite intensities with those of
the Bragg peaks from the lattice. (See Supplementary Note 4 for
details.) The fitted values of the ionic displacements are given in
Table 1. The table gives signs, values and errors for the fitted
displacements from models A1 and B1 for the qa and qb modes.
Certain features of our fit, such as the c-axis motion of the yttrium
layer moving with both the CuO2 planes are expected on physical
grounds, but were not imposed as constraints, giving extra
confidence in the fit results. Most ionic displacement values are
well-defined, but some oxygen horizontal displacements have large
errors, particularly, that of the chain oxygen, which gives a small
scattering amplitude, since it has a small number of electrons, is
half-occupied and its amplitude falls off at large Q. The first pair of

columns show the results for the qb mode if the chain oxygen
displacement is left free. It refines to a very large value with an even
larger uncertainty. In the next pair of columns this displacement is
set to a physically reasonable value equal to the small displacement
of the adjacent Cu. It can be seen that this makes very little
difference to the fitted values of the other ion displacements and to
the w2. (A small value of the chain oxygen displacement is justified
on the grounds that soft X-ray measurements3 indicate very small
CDW charge build-up in the chain layer.)

Discussion
Earlier measurements found differences in the magnitudes of the
X-ray signals from the qa and qb modes6,7 that suggested that the
CDW in ortho-II YBCO might be essentially single-q, and
dominated by the qb mode. The results presented here indicate
that this is not the case; the two modes have similar displacement
amplitudes, but the value of their ratio depends on which ion is
chosen to make the comparison. For instance, if we consider the
motion of the CuO2 plane oxygens as key, we find that the relative
c-motion of these oxygen ions is essentially identical for the two
modes: in both cases, the amplitude is B4–5" 10# 3 Å. Our fits
do show differences in the heavy ion displacements, and even if
these are small, they can make noticeable contributions to the
X-ray signals because these ions carry many core electrons. Only
this complete survey, rather than measurements of the intensities
of a few qa and qb satellites, can reveal the similarities and
differences between the two CDW modes.
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Figure 3 | Representation of the CDW ionic displacement motifs for an
unmodulated unit cell. The displacements are B10# 3 of interatomic
distances, so have been exaggerated to make them visible. In (a) and (b) are
shown the a- and c-axis components of the qa (A1) mode of the CDW. In (c)
and (d) are shown the b- and c-axis components of the qb (B1) mode. The
basal plane and c-axis displacements have a p/2 phase difference and hence
are shown in separate unit cells. The next crystal unit cells in the c-direction
would be in antiphase with those shown here. These motifs are modulated as
a function of position with the relevant wave vector. The oxygen sites in the
CuO chains represented here are half-occupied in our sample.
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Figure 4 | Representation of modulated ionic displacements for the CDW
modes. The displacements are B10# 3 of interatomic distances, so have
been exaggerated to make them visible. In a is shown the spatial variation
of the fitted ionic displacements for the A1 CDW mode with wave vector qa,
and in (b) the fitted displacements for the B1 CDW mode with wave vector
qb. The shaded planes passing through the CuO chain layers are the mirror
planes of the CDWs. If the structure of the CDW is 1-q, these displacement
patterns would be located in different regions of the crystal. If 2-q, the total
displacement of the ions in the crystal would be the sum of those
associated with the qa and qb modulation vectors. (c) The displacement of
any particular ion in a CDW lies on an ellipse: we give an example for an
oxygen in the lowest CuO2 plane of a.
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Fig. 1. Schematics of the local symmetry of the
quasi-localized states. (A) The crystal structure of
URu2Si2 above THO, belonging to the D4h point group.
Presented in three dimensions and xy-plane cut are
illustrations showing the symmetry of the A2g state
|0! and A1g state |1!, where the positive (negative)
amplitude is denoted by red (blue) color. The A1g
state is symmetric with respect to the vertical (sv)
and diagonal (sd) reflections, whereas the A2g state
is antisymmetric with respect to these reflections.
(B) Schematic of the band structure of a low-energy
minimal model. The green dashed line denotes the
conduction band jCB!; the red and black dashed
lines denote crystal field states of the U-5f electrons:
the ground state |0! and the first excited state |1!
(22). Blue and red arrows denote the incident and
scattered light in a Raman process, respectively.
wL ! 1:65 eV is the incoming photon energy (energy
levels not to scale), W is the hybridization strength
between |1! and jCB!; w0 and ek are the resonance
energies for |0!!|1! and |0!!jCB! excitations, respec-
tively. (C) The crystal structure of URu2Si2 in the HO
phase, and illustrations showing the symmetry of the
chiral states j""! and j"!!, and the excited state j#!.
The left- and right-handed states, denoted by red
and blue atoms, respectively, are staggered in the
lattice. UL and UR denotes the two nonequivalent
uranium sites in the HO phase. (D) Schematics of
the chirality density wave in the HO phase. The
uranium sites UL and UR are occupied by j"!! and
j""! states, respectively.

Fig. 2.Temperature dependence
of the A2g Raman susceptibility.
(A) The A2g Raman response
function decomposed from the
spectra measured in the XY;X0Y0,
and RL scattering geometries
(22). The solid lines are a guide to
the eye, illustrating the narrowing
of the Drude function (25):
cA2g

0 0 #w;T$ºIm%G#T$!iw&!1, where
G#T$ is the Drude scattering rate
(indicated by the arrows), which
decreases on cooling. Below
70 K, the Raman response
deviates from the Drude function.
Below THO, the Raman response
shows spectral weight suppression
below 6 meV and the appearance
of an in-gap mode at 1.6 meV
(7 and 13 K). (B) Temperature
dependence of the static Raman
susceptibility in A2g channel

cA2g

0 #0;T$ ! 2
p"

0

25meVcA2g
0 0 #w;T$
w!dw

(red dots), and the static magnetic
susceptibility along c and a axis
from (3) are plotted as blue
squares and black circles, respec-
tively. THO is marked by the
dashed line. (C) Temperature
dependence of the low-frequency Raman response in the XY scattering geometry, dominantly composed of A2g excitations. A gaplike suppression develops
on cooling, and an in-gap mode at 1.6 meV (black dashed line) emerges below THO. The full width at half-maximum of the mode decreases on cooling from

e0:75 meV at 13 K to e0:3 meV at 7 K. The white line shows the temperature dependence of the BCS gap function.
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Table 1: The plane distance d = 2𝜋/ ℎ! +𝑘! + 𝑙! for different Miller indices (ℎ𝑘𝑙) and the structure factor 
S for different structures.  

Index i (hkl) d (2𝜋) SBCC SFCC

1 (100) 1 = 0 = 0

2 (110) 1/ 2 ≠ 0 = 0

3 (111) 1/ 3 = 0 ≠ 0

4 (200) 1/2 ≠ 0 ≠ 0

5 (210) 1/ 5 = 0 = 0

6 (211) 1/ 6 ≠ 0 = 0

7 (220) 1/ 8 ≠ 0 ≠ 0

8 (221) 1/3 = 0 = 0

9 (300) 1/3 = 0 = 0

10 (310) 1/ 10 ≠ 0 = 0

11 (311) 1/ 11 = 0 ≠ 0

12 (400) 1/4 ≠ 0 ≠ 0

Example:
Body-centered cubic (bcc) structure

The bcc structure can be generated using a sc lattice
with a two-atom basis.

� �1 e i h k l
hklF f S � �ª º � �¬ ¼

First atom: d1  0,0,0� �

d2  0.5,0.5,0.5� �

f

Second atom: f

eSi h�k�l� �  
1,         h � k � l  even
�1,       h � k � l  odd


®
¯

Fhkl  
2 f ,         h � k � l  even
0,           h � k � l  odd


®
¯

So,

Structure Factors:

allowed reflections:
{110}
{200}
{202}
{222}
{400}

...systematic absences

SBCC =

Example:
Face-Centered Cubic (fcc) Structure

The fcc structure can be generated from a sc lattice
with a four-atom basis.

� � � � � �1 e e ei k l i h l i h k
hklF f S � S � S �ª º � � � �¬ ¼

First atom: d1  0,0,0� �
d2  0,0.5,0.5� �

f

Second atom:

Fhkl  
4 f ,         h,k,l  all even or all odd
0,           h,k,l  mixed even/odd


®
¯

So,

d3  0.5,0,0.5� �Third atom:
d4  0.5,0.5,0� �Fourth atom:

f

f

f

Structure Factors:
allowed reflections:

{200}
{111}
{220}
{311}
{400}

...

SFCC =
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Phase transitions and symmetry are intimately linked. Melting of ice, for example, restores translation
invariance. The mysterious hidden order (HO) phase of URu2Si2 has, despite relentless research efforts, kept
its symmetry breaking element intangible. Here, we present a high-resolution x-ray diffraction study of the
URu2Si2 crystal structure as a function of hydrostatic pressure. Below a critical pressure threshold pc ! 3 kbar,
no tetragonal lattice symmetry breaking is observed even below the HO transition THO = 17.5 K. For p > pc,
however, a pressure-induced rotational symmetry breaking is identified with an onset temperatures TOR " 100 K.
The emergence of an orthorhombic phase is found and discussed in terms of an electronic nematic order that
appears unrelated to the HO, but with possible relevance for the pressure-induced antiferromagnetic (AF) phase.
Existing theories describe the HO and AF phases through an adiabatic continuity of a complex order parameter.
Since none of these theories predicts a pressure-induced nematic order, our finding adds an additional symmetry
breaking element to this long-standing problem.

DOI: 10.1103/PhysRevB.98.241113

Magnetism, superconductivity, and the hidden order (HO)
phase in URu2Si2 have been the subject of intense research
[1–9]. In particular, the symmetry breaking element asso-
ciated with the hidden order lacks unequivocal evidence
[10–13]. One influential set of theories describes the hidden
order phase and magnetism through an adiabatic continuity of
a single complex order parameter [2,3,7]. Experimental explo-
rations of the hydrostatic pressure and magnetic field phase
diagrams are therefore paramount to solve this conundrum.
Hydrostatic and chemical pressure tuning has established how
the hidden order can be switched into a long-range antiferro-
magnetic (LRAF) phase [14–16]. In fact, a modest pressure
(reducing the lattice parameter by a few per mille) is sufficient
to switch between the HO and LRAF ground states. Similarly,
application of a high magnetic field ("35 T) along the c
axis quenches the HO into a spin-density-wave (SDW) phase
[17–19]. The putative adiabatic continuity between hidden
order and magnetism implies that the entire pressure and
magnetic field phase diagrams should be scrutinized. In fact,
even though hydrostatic pressure compresses the unit cell
volume [20], the effect on the crystal lattice symmetry has
not been elucidated. As the lattice and electronic degrees of
freedom are coupled, it is of great interest to determine the
crystal structure [21] across the URu2Si2 phase diagram.

Here, we present a hard x-ray diffraction study of the
URu2Si2 crystal structure as a function of hydrostatic pres-
sure. A single crystal with pristine mosaicity was selected.
At ambient pressure, the crystal structure remains tetragonal
across the hidden order transition and down to the lowest
measured temperatures (3 K). Above a critical pressure,

pc = 3 kbar, an orthorhombic phase is identified. The or-
thorhombic onset temperature TOR " 100 K is, after an initial
dramatic rise, only weakly pressure dependent. It is discussed
whether the associated electronic nematic order parameter is
a trigger (or consequence) of the orthorhombic transition. The
weakness of the orthorhombic order parameter in comparison
to the onset temperature suggests that the rotational symmetry
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FIG. 1. Crystal structure and mosaicity of URu2Si2. (a) Ambient-
pressure conventional unit cell of URu2Si2 with tetragonal I4/mmm

structure. (b) Transverse diffraction scans (sample rotation !)
through (h, h, 0) Bragg peaks with h being an integer as indicated.
Blue (yellow) symbols indicate data from this work (Ref. [22]).
The Lorentzian peak width "T results from a combination of crystal
mosaicity and instrument resolution.
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through (h, h, 0) Bragg peaks with h being an integer as indicated.
Blue (yellow) symbols indicate data from this work (Ref. [22]).
The Lorentzian peak width "T results from a combination of crystal
mosaicity and instrument resolution.
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Figure 4.9: X-ray di↵raction on the Bragg peaks (0, 0, 1) and (0, 0, 3) for temperatures
above and below THO. The intensities were not normalized. a) Reciprocal unit vector
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(0, 0, 1) along [0, 0, l] direction. b) Measured at (0, 0, 3) along [0, 0, l] direction.
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FIG. 1. (a) The crystal structure of URu2Si2. We assume a
type-I antiferromultipolar order on uranium sites. (b) Illustration of
experimental setup. A beam of polarized x rays k is incident on the
[001] sample face with an angle ! and scattered by electrons, and then
the scattered x rays k! with outgoing angle ! and specific polarization
is analyzed. " is the azimuthal angle. For linear polarization, # ($ )
polarization is parallel (normal) to the scattering plane.

crystal to search for the possible signal of multipolar OPs.
Finally, we justify the experimental results by theoretically
estimating the relative strength of E2 transition at the L3 edge
(L3-E2) compared with E1 transition at the M4 edge (M4-E1)
and L3 edge (2p3/2 " 6d,L3-E1), and the expected flux of
the scattered photons.

II. METHODS

A. Atomic calculations

Figure 1(a) is the crystal structure of URu2Si2, which has
a body-centered tetragonal structure. In the present study, we
assume a type-I antiferromultipolar order on U sites, where
sublattice A, U(0,0,0), and sublattice B, U(0.5,0.5,0.5), have
opposite signs of the expectation value of the multipolar mo-
ment. The ordering wave vector is QAF = (0,0,1). Figure 1(b)
is a typical experimental setup of REXS. A beam of polarized
x ray k is incident on the sample with an angle ! and then
the scattered x ray k! with outgoing angle ! and specific
polarization is analyzed. The double-differential cross section
[36] for REXS is

d2$

d% dE
= r2

e m2&3
k!&k|Fgg(k,k!,h̄&k,h̄&k! ,!,!!)|2, (1)

where re = e2/(4#'0mc2) is the classical electron radius, Fgg

is the scattering amplitude at zero temperature,

Fgg(k,k!,h̄&k,h̄&k! ,!,!!) =
!

n

#g | D̂!† | n$#n | D̂ | g$
h̄&k + Eg % En + i(/2

,

(2)

where k is the incoming light with energy h̄&k and polarization
!, k! is the outgoing light with energy h̄&k! and polarization
!!, and q = k! % k is the scattering vector. |g$,Eg is the
ground state and |n$,En is the eigenstate of the intermediate
Hamiltonian including a core hole. ( is the lifetime width of
the core hole. For U, ( & 8 eV at the L3 edge and ( & 3.5 eV
at the M4 edge. D̂ and D̂!† are the transition operators for

absorption and emission processes,

D̂ = P (m) ·
!

R

D̂
(m)
R = P (m) ·
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!

R
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!
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,
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"
!

R
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!

i
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#

,

(4)

where R is the site index, and i is the index of electron that
is bound to site R. P (m) is a rank-m tensor for the geometry
part including polarization and wave vector of photon, r̂ (m) is
a single-particle rank-m tensor operator of electron.

For the E1-E1 transition,

P (1) · r̂ (1) = 'x x̂ + 'y ŷ + 'zẑ, (5)

P (1)!) · r̂ (1)† = '!)
x x̂ + '!)

y ŷ + '!)
z ẑ. (6)

For the E2-E2 transition [43],

(r̂ (2))1 =
'

3
2

(x̂2 % ŷ2), (7)

(r̂ (2))2 = 1
2 (3ẑ2 % r̂2), (8)

(r̂ (2))3 =
'

3ŷẑ, (9)

(r̂ (2))4 =
'

3ẑx̂, (10)

(r̂ (2))5 =
'

3x̂ŷ, (11)
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where k and k̃ are the length and direction of the wave vector,
respectively. We assume the absorption and emission process
take place at the same site, then the scattering amplitude can
be written as

Fgg (
!

R

e%iq·RF R
gg, (17)

with

F R
gg =

!

n

#g | D̂†
R | n$#n | D̂R | g$

h̄&k + Eg % En + i(/2
, (18)

where D̂R = P (m) · D̂
(m)
R and D̂†

R = P (m)!) · D̂
(m)†
R .
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FIG. 3. (a) X-ray diffraction L dependence measured along
the (0,0,L) direction using 17.215 keV and ! = 1.2!. (b) Energy
dependence of (0,0,13) and (0,0,15) Bragg peaks together with the
U-L3 edge XANES. (c) Temperature dependence of (0,0,15) Bragg
peak.

that the HO is not accessible through the E1 or E2 transitions
using experiments of this type. These results are consistent
with former studies [40,41] in which no quadrupolar OPs are
found. However, we still cannot exclude the possibility of
octupole and hexadecapole due to the weak signal of the E2
transition.

Despite our negative result in the search for the HO,
additional experiments are needed to definitely prove the
existence (or absence) of the octupole or hexadecapole OPs.
Designing experimental techniques to enhance the sensitivity
to the E2 transition at the U-L3 edge is needed to observe
higher rank multipoles. One such technique is the Borrmann
spectroscopy [50,51]. The Borrmann effect refers to the
anomalous transmission of x rays through very perfect single-
crystal slabs when they are in symmetric Laue diffraction
condition [50]. This effect can be interpreted by the theory
of dynamical diffraction of x rays [50]. It is a consequence of
multiple coherent interference of the incident and diffracted
beams which produces a total electric field with almost
zero amplitude but largely enhanced gradient at the crystal
planes. The dipolar transition is thus suppressed because it is
proportional to the amplitude of the electric field and, on the
contrary, the quadrupolar transition will be largely enhanced
because it is proportional to the gradient of the electric field.
Therefore, we may have a chance to detect a strong quadrupolar
signal, for example, at the U-L3 edge. In Ref. [51], Pettifer

et al. indeed observed a very strong quadrupolar peak in the
absorption spectrum at the L1, L2, and L3 edges of gadolinium
in a 4f compound gadolinium gallium garnet. However, no
results of 5f compounds have been reported, so it is worth
it to try in 5f compounds, such as URu2Si2. Borrmann
spectroscopy requires samples that are much thicker than the
nominal x-ray penetration depth and sufficiently perfect that
at least some x rays can transmit through the sample without
encountering defects, which may be a challenge for sample
growth.

Polarization analysis of the outgoing x rays can also be
advantageous (despite the strong reduction in x-ray throughput
that it imposes) because, as we will demonstrate, the HO
Bragg peak should be observed in the "# channel. Addition-
ally, identifying the energy and cross section of the L3-E2
transition will greatly facilitate the search for superlattice
peaks.

C. Intensity estimation of the L3-E2 transition

We further justify the negative experimental results by
estimating the intensity of the L3-E2 transition. Usually, the
intensity of the E2 transition will be much weaker than that of
the E1 transition. This is mainly caused by the very small
overlap integral of r2 between the core hole and valence
orbitals. Thus, it is critical to give an estimation of the
relative intensity of the L3-E2 transition compared with known
experiments which have strong intensity, such as the M4-E1
transition. Roughly, the relative intensity between L3-E2 and
M4-E1 is

I (L3 " E2)
I (M4 " E1)

#
!

k

3
$L3

$M4

$2p | r2 | 5f %
$3d | r | 5f %

"4!
%M4

%L3

"2

, (32)

and that between L3-E2 and L3-E1 is

I (L3 " E2)
I (L3 " E1)

#
!

k

3
$2p | r2 | 5f %
$2p | r | 6d%

"4

, (33)

where $L3 and $M4 are the x-ray frequency of the
L3 and M4 edges, and their ratio is about 4.6. Based
on the HF calculations, the overlap integral ratios
are $2p | r2 | 5f %/$3d | r | 5f % & 0.013 and $2p | r2 | 5f %/
$2p | r | 6d% & 0.2, respectively. %M4 and %L3 are the core-hole
lifetime widths for the M4 and L3 edges, respectively, and their
ratio is %M4/%L3 & 0.4. For the L3 edge, k/3 & 2.9. Thus, the
intensity of L3-E2 is about 10"4 times smaller than that of
M4-E1 and 10"1 times smaller than that of L3-E1. Here, we
should note that 6d orbitals are much broader in URu2Si2,
which will lead to larger overlap integrals than those based
on the atomic 6d orbitals, so L3-E2 is not just one order of
magnitude smaller than that of L3-E1. We may expect larger
overlap integrals for the M3-E2 (3p3/2 ' 5f ) transition, so
we also calculate the relative intensity between M3-E2 and
M4-E1. The results show that the intensity of M3-E2 is also
about 10"4 times smaller than that of M4-E1. The reason is
that, although the calculated overlap integral $3p | r2 | 5f % is
about 14 times larger than that of $2p | r2 | 5f %, both the x-ray
frequency and wave vector of the M3 edge are about 0.25 times
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