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1D charge density wave in the hidden order state
of URu2Si2
Edwin Herrera1,2,3✉, Víctor Barrena 1, Isabel Guillamón 1, José Augusto Galvis 3, William J. Herrera2,

José Castilla4, Dai Aoki5, Jacques Flouquet5 & Hermann Suderow 1✉

Single crystals of URu2Si2 show below 17.5 K a transition into an ordered state with a

significantly reduced entropy. The low temperature phase is called the hidden order (HO)

state, because its microscopic origin is still unknown—there are no charge, structural or

magnetic transitions associated to HO. Here we report a one-dimensional (1D) charge

modulation within the HO state of URu2Si2. We perform detailed Scanning Tunneling

Microscopy (STM) experiments with high resolution on many atomically flat surfaces of

URu2Si2 obtained by fracturing single crystals at cryogenic temperatures and find a 1D charge

density wave with a large wavevector. We show that the 1D modulation is connected to the

dynamical magnetic excitations of the HO through a moiré construction and appears as a

consequence of excitations quenched through the interaction between the travelling fracture

front and the dynamic modes of the crystal. The combination of fracture dynamics and the

dynamics of the solid provides a method to create ground states and shows that charge

interactions are among the most relevant features competing with HO in URu2Si2.
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The HO state of URu2Si2 puzzles experimentalists and the-
oreticians alike since its discovery more than three decades
ago1–3. It consists of a phase transition below THO= 17.5 K

in which there is a large entropy change4. However, neutron
scattering experiments do not show any sign of static magnetic
nor structural order5. Instead, there are dynamical modes of
Ising-like magnetic excitations with a strong fluctuating
magnetic moment, μ ≈ 1− 2μB, located at q0= (0, 0, 1) and q1=
(0.6, 0, 0)5–7. These modes are quenched into an anti-
ferromagnetic order above 5 kbar with the q0 wavevector3,5,8 and
with the q1 wavevector at high magnetic fields8–10. The magnetic
field also modifies the Fermi surface, producing nesting at q111. In
addition, several measurements indicate that at zero field the
bandstructure has a hotspot for scattering at q1, so that there is a
strong interaction between electronic degrees of freedom and the
dynamical modes9,11–13.

Here we use Scanning Tunneling Microscopy (STM) to study
high quality single crystals of URu2Si2. Contrasting previous STM
work14,15, we find a 1D charge modulation in the HO state. We
characterize the modulation, which consists of a long wavelength
pattern and find that it can be explained by a moiré combination
between the crystal lattice and a charge modulation at q1. Moiré
patterns can lead to fundamentally new electronic behavior when
formed between two atomic lattices slightly shifted with respect to
each other16–22. A solid is, however, not just characterized by the
atomic lattice, but also by dynamical charge or magnetic excita-
tions that do not need to be commensurate to the lattice. These
excitations can be quenched giving rise to static charge, magnetic,
or orbital order. Our experiment suggests that a moiré can be
generated between quenched dynamic modes and the atomic
lattice, through the interaction with a transient phenomenon as a
fracture. Furthermore, we show that the symmetry breaking field
of the 1D modulation is related to the path followed by the
fracture front during cryogenic cleaving of the sample.

Results and discussion
Atomic size patterns obtained with STM and 1D charge
modulation in URu2Si2. Figure 1a shows the crystal structure of
URu2Si2. In Fig. 1b we show atomically resolved images of the U
square atomic lattice, with the in-plane lattice parameter a= 420
pm, similar as in previous work14,15,23. We focus here on features
obtained from the STM topography on samples fractured, as
schematically shown in Fig. 1c at liquid Helium temperatures.
Spectroscopic features are mentioned in the Supplementary
Information (Supplementary Note 1) and coincide with previous
work. We also discuss the atomic termination in the Supple-
mentary Information (Supplementary Note 2), which mostly
consists of the square U atomic lattice.

Let us review briefly a few aspects of the bandstructure of
URu2Si2. A part relevant to the HO are an electron and a hole
band, schematically represented as cuts through the Fermi surface
in the plane of the tetragonal Brillouin zone (blue and red lines in
Fig. 1d). These three-dimensional bands suffer nesting along the
c-axis below THO. As a consequence, the bands split into a set of
eight pockets leaving out the areas highlighted in yellow in
Fig. 1d9,11,12,24. There is a tendency to form in-plane four-fold
periodic structures along q1= (0.6, 0, 0), as shown by magnetic
field induced nesting at this wavevector11. The sample breaks
along the plane of the tetragonal crystal structure, leaving the
U-atom surface Fig. 1b exposed. Locally, during fracture, a high
pressure front builds up at the wedge (bottom panels of Fig. 1c).
The fracture direction (violet arrow in Fig. 1c, d) defines a
symmetry breaking field which allows for 1D interactions
between hotspots remaining in bandstructure of the HO state
close to q1. We observe that this interaction results in an

electronic modulation at q1 which is observed as a moiré pattern
between the reciprocal lattice constant a* and q1 (Fig. 1d), with a
wavevector qM ¼ j 12 a� � q1j.

In fields of view that are sufficiently large and free of steps we
observe a certain pattern, which repeats on the image and is 1D
(Fig. 2a, b). The pattern corresponds to height changes which
vary from place to place and are very small, of at most 2 pm, i.e.,
less than 1% of the c-axis unit cell size. The period and the
direction of the 1D pattern can be determined from the Fourier
transforms of the topographic images. The Bragg peaks associated
to the 1D modulation (Fig. 2c, d) repeat at integer multiples of
qM. We determine qM from the reciprocal space distance between
consecutive peaks and obtain that qM= 0.17 nm−1 (Fig. 2c, d).
This corresponds to a modulation of period dM= 1/qM ≈ 6 nm
(dM ≈ 14a). The 1D modulation is nearly parallel to an in-plane
crystalline direction. We observed the modulation in many fields
of view on five different samples, each one cleaved at low
temperatures (more details in the Supplementary Information,
Note 3), up to magnetic fields of 4 T (parallel to the c-axis) and
temperatures several K above liquid helium. At higher

Fig. 1 Atomic size Scanning Tunneling Microscopy (STM) images of the
square in-plane lattice in URu2Si2 and fracture front behavior. a URu2Si2
tetragonal crystalline structure (a= 420 pm and c= 960 pm), with U
atoms in green, Ru atoms in blue and Si atoms in grey. b Atomic resolution
STM image showing the square U surface. The white line provides the path
for the scan shown in the inset. The bias voltage is of 5.5 mV and the
current is held constant at 3 nA. White arrows show the in-plane crystalline
directions and the color scale the height difference, following the color bar
on the upper left (from zero, black to 40 pm, green). White scale bar is 1.3
nm long. c Schematic behavior of the fracture process. At low temperatures
(below 4.2 K), the sample (gray rectangular bar) is broken by bringing it
close to a blade (shown in yellow). During breaking, the fracture front
travels through the sample following the violet arrow and an instanteanous
pressure front travels (pressure shown by the color scale from blue (0 Gpa)
to red (8 GPa)). d Schematic picture of the in-plane Fermi surface of
pristine URu2Si2. Red and blue lines represent the two main bands crossing
the Fermi level in the paramagnetic state above the hidden order state
critical temperature THO= 17.5 K and in the plane of the tetragonal Brillouin
zone. Thick violet arrow represents the travel direction of the fracture front.
The interaction with electronic modes (thin violet arrows) leaves a
permanent trace, which consists of a moiré whose wavenumber qM is
determined by half the reciprocal unit cell a* and the vector q1.
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temperatures and above THO we were unable to detect it because
the amplitude of the modulation is too small to detect in presence
of temperature induced drift in the STM. As discussed in
the Supplementary Information (Supplementary Note 4) in detail,
the observed features are associated to fracturing the sample at
low temperatures and appear in subsequent steps whose height
difference is half the c-axis unit cell lattice constant (Supplemen-
tary Note 5).

A modulation observed in STM topographic images super-
imposed to the atomic lattice can often be related to charge order.
The Fermi surface has mainly a four-fold symmetry and there are
no features in the Fermi surface, which could lead to a charge
density wave along one axis12,25. Features of the Fermi surface are
instead four-fold, showing nesting at q0 along the c-axis. Nesting
occurs in-plane at q1 too at sufficiently high magnetic fields11. At
the level of the local atomic size density of states measured by in-
plane topographic imaging with STM, we might be sensitive to
effects related to the mode at q1, which is clearly an in-plane
hotspot in the Fermi surface (Fig. 1d). As we show in the
following, qM is related to q1 through a moiré pattern and the
direction of qM is determined by the direction of the propagation
of the crack front during fracture.

Origin of the long wavelength pattern observed in the STM
images. First, let us establish the relation between q1 and qM,

knowing that q1≫ qM. The superposition of 1D modulations
with similar periodicities λ1 and λ2 (λ1 ≈ λ2) leads to an additional
modulation, the moiré pattern, at a scale which is far above λ1
and λ2 and is given by dM ¼ λ1�λ2

jλ1�λ2j
26,27. If λ2= a and λ1 ≈ na with

n an integer (and of course λ1 ≠ na), the moiré adopts a
“fractional” form and dM ¼ λ1�a

jλ1=n�aj (more details in Supplemen-
tary Note 6). The moiré is then composed of n cosine functions
of wavelength dM phase-shifted to each other by 2π/n.
In STM images made at constant tunneling current, we
measure the variations in the local density of states
(LDOS) integrated between the Fermi level and the bias voltage as
a function of the position. The LDOS can be understood as a
combination of localized orbitals and itinerant electrons mostly
from the topmost layer (here U as shown in the Supplementary
Information, Note 2), with some influence from layers below28,29.
Let us consider a periodic modulation with wavevector close to q1
(for instance at ≈ (0.5700)). The LDOS is determined by the
LDOS from the U atoms and an additional periodic modulation
at q1. The atomic lattice and the modulation at q1 combine into
the moiré pattern observed in our images. As λ1 ≈ 2λ2, with λ1 the
modulation at q1, λ1= 1/q1, and λ2= a, the resulting moiré
pattern consists of two inverted cosines, each one with a peri-
odicity dM ¼ λ1�a

jλ1=2�aj and shifted by π (see also Supplementary

Information, Note 6 and Supplementary Fig. 10). Thus, the
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Fig. 2 Moiré patterns in URu2Si2. a, b Atomic resolution Scanning Tunneling Microscopy (STM) images in two different fields of view. Notice that these
show the behavior over many atomic lattice constants. We mark the 1D modulation of wavelength dM by dashed lines and the arrow. The current is
constant at 0.05 nA and the bias voltage is of 4mV in left panel and 5 nA and 5mV in the right panel. The colored bars provide the vertical scale, with 20
pm from black to green in left panel and 37 pm in right panel. Horizontal scale bars are 5 nm long. c, d Fourier transform of the images in a and b,
respectively. We observe the usual atomic Bragg peaks due to the square surface atomic lattice and also multiple peaks at reciprocal space distances qM.
We mark with white circles the Bragg peaks of the atomic lattice and the wavevector of the modulation qM. Horizontal scale bars are 1.2 nm−1 long. The
Fourier amplitude is given by the vertical bars, with 0.12 pm in left panel and 0.16 pm in right panel, from black to green. Insets show profiles of the Fourier
amplitude along the white lines in the Fourier transform. White dots are points of the image and the dashed line is a guide to the eye. Similar dM are
obtained in 24 different fields of view acquired in 5 different samples. We show further details of the modulation in the Supplementary Notes 1, 2, 5, 6, and
8 and Supplementary Figs. 1, 3, 6, 9, 10, and 12.
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features observed at dM are a consequence of a moiré combina-
tion between modulations at q1 and at the atomic lattice constant.

Second, to understand the symmetry breaking, let us discuss
the origin of the modulation. The modulation is not present in
any of the STM images shown in previous work14,15, although
their resolution was of the same order as ours. In those
experiments samples were plate-like, whereas we use a small
bar shaped sample and break it perpendicular to its long axis at
very low temperatures (below liquid helium). Breaking a long,
hard single crystal produces brittle fracture. It is a fast procedure
by which the bonds are broken first on one side of the sample and
then a crack front travels through the sample in a short amount of
time (see Fig. 1c and Supplementary Information, Note 4 and
Supplementary Fig. 8). The propagation of the crack front during
cleavage leaves permanent modifications of the surface30. These
modifications can be due to acoustic waves that are emitted when
a crack front crosses defects during the cleaving process or due to
other forms of local interaction of the crack front and the
crystalline lattice and have been extensively studied in materiales
such as Si, sapphire or tungsten30–33. From a careful optical and
electron microscopy analysis of surfaces of URu2Si2 broken at
room temperatures and at low temperatures (see Supplementary
Information, Note 4) we obtain that samples cleaved at low
temperatures have a set of linear features created during crack
and oriented close to a crystalline axis. These features define a
fixed direction which is close to one of the main in-plane
crystalline axis and produce the 1D symmetry breaking field. We
note that we observe the modulation in five samples cut
differently, in spite that each one has slightly different shape,
different crack initiation points, and different internal structure of
defects.

Our scans show the Bragg peaks due to the moiré pattern just
at the center of the Fourier transform. To understand this
observation, let us describe a modulation through a vector
DðrÞ ¼ A cosðqr þ ϕÞ, with A the vector of the absolute value of
the modulation, q the wavevector of the modulation and ϕ a
phase shift34. As we show in the Supplementary Information
(Supplementary Note 7) the corresponding Fourier transform
shows satellite peaks around lattice Bragg peaks when the
displacement vector is in-plane along A= (A0, 0, 0) or A= (0,
A0, 0). If the displacement is out-of-plane, A= (0, 0, A0), the
image shows satellite peaks around the center of the Fourier
transform. The latter is always observed in our images. Thus, we
are mostly observing an amplitude modulation of the charge
(out-of-plane), without in-plane atomic displacements.

Induced strain and the 1D charge modulation. We have cal-
culated the strain field in several images, following refs. 35,36. We
show in Fig. 3a a STM image where we can observe the 1D
modulation, also in its Fourier transform, Fig. 3b. The strain field
of this image is essentially a random featureless map. Thus, there
is no 1D strain that follows the modulation. We see that we
observe atomic size defects in Fig. 3a. Measuring the height dif-
ferences around these defects and comparing with images
obtained elsewhere on the sample (see Supplementary Fig. 4), we
obtain that these defects are mostly Si atoms on top of the U
surface. Around these defects, we observe a modification of the
in-plane strain, consisting of four-fold contraction and elongation
of the in-plane lattice (Fig. 3c). In some fields of view (see Fig. 3d
and its Fourier transform Fig. 3e) we observe a slight modification
of the strain pattern around defects. The observed in-plane strain
at defects has a slight tendency to show an elongated shape
(Fig. 3f). We generally observe such a tendency when the c-axis
amplitude of the modulation is large, as in Fig. 3d. The observed
compression and extension in the strain map M(r) occurs

preferentially along an axis that is parallel to the 1D modulation.
This shows that, although the modulation itself does not have an
accompanying strain field, there is an interaction between the 1D
modulation and the strain field produced by individual defects. It
is useful to remind that Nuclear Magnetic Resonance (NMR)
measurements highlight the relevance of charge disturbances and
in particular show a two-fold lineshape on Si associated to
defects37–39. Our results suggest that Si defects are influenced by
charge disturbances such as the 1D charge modulation.

Finally, let us note that we observe defects in the 1D pattern in
some fields of view. As we show in the Supplementary Note 8, the
stripes associated to the modulation are sometimes displaced at
certain locations.

Interaction between the 1D charge modulation and dynamic
modes of the HO state. We should note that crack front velocity
is of order of sound velocity (see Supplementary Information,
Note 4, and refs. 30–33). Thus, we can link together the external
action (crack front), atomic displacement modes (phonons) and
the electronic susceptibility of URu2Si2 (fluctuations at q1). The
phonon dispersion in URu2Si2 shows no strong features con-
nected to the HO transition40. However, there is an anomalous
phonon mode broadening, which suggests strong anharmonicity
and coupling to magnetic excitations40–42. The dispersion rela-
tion of the q1 modes provides a velocity v ¼ dϵ

dk � 104 m
s
40. Most

d e

f

a b

c

Fig. 3 Absence of modulated in-plane strain. In a we show a topographic
image (tunneling current of 0.2 nA and bias voltage of 9 mV). The
corresponding Fourier transform is shown in b. In c we show the in-plane
strain map of the orange square shown in a. In d we show the topography
of another field of view (tunneling current of 0.5 nA and bias voltage of
4 mV), in e its Fourier transform and in f the strain on the area marked with
an orange square shown in d. Black scale bars in a, d are 5 nm long. White
scale bars in b and e are 3 nm−1 long. The color scale of the topographic
images is shown on the bottom left of a and d and goes from 0 pm (black)
to 20 pm (green). The color scale of the strain is shown on the bottom right
of c and f, and ranges ±5% of the in-plane lattice constant a.
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remarkably, crack front velocity, sound velocity and the velocity
of the magnetic q1 modes are all of the order of tens of km/s.

The time required for each of these three modes to cross a
single unit cell is in the femtosecond regime. Interestingly the
quasiparticle lifetime at q1 is observed to increase significantly in
the HO phase43, suggesting that ultrafast dynamics might be
strongly sensitive to cryogenic cleaving of URu2Si2 and that this
could unveil further insight into the interaction between the
modes of the HO phase and the lattice.

The energy-dependent density of states, discussed in detail in
the Supplementary Information, Note 1, and in refs. 14,15,23 shows
features indicating strong hybridization between bands, according
to the modifications in the bandstructure that lead to the Fermi
surface schematically depicted in Fig. 1d. Interestingly, it has been
suggested that there is a wave inside the HO phase that is due to
the hybridization of light and heavy electron bands and that such
a hybridization wave can create a charge modulation at q1, which
would be, however, very weak44–46. It has been also proposed that
the density of states might show a nematic component at the
hybridization gap, not at the Fermi level47. Clearly, there is no
symmetry breaking modulation in refs. 14,15,23, although in our
case there is a modulation that leads to the observed one-
dimensional moiré pattern. As we discuss above, fracture at low
temperatures is a differentiating ingredient of our experiments.
This suggests that there is a wave pattern, be it a tiny
hybridization wave or fluctuating magnetic modes, in the HO
phase which is enhanced or stabilized by cryogenic fracture into a
visible charge pattern at q1. How this 1D modulation influences
macroscopic experiments is not easy to establish without a careful
analysis of the morphology of samples, which could point out
defects or features associated to strain or fracture. New
experiments on probes particularly sensitive to the density of
states at the Fermi level, such as the thermopower11, could
provide further insight in the light of our results.

Notice that moiré patterns arise on surfaces or few layer
systems because of displacements or rotations of atomic
lattices16–22. Rotations among atomic layers provide a control
parameter, the relative angle between layers, to modify the
moiré17. In our case, moiré modulations can arise with any
characteristic vector from the electronic bandstructure. That is,
with wavevectors located inside the Brillouin zone and lying close
to an integer fraction of the unit cell lattice. To modify the moiré,
we need to modify the bandstructure, with the usual control
parameters as doping, stress or magnetic field. For very large
values of n in dM ¼ λ1�a

jλ1=n�aj, the moiré pattern might rapidly
acquire a very long wavelength, which should make it quite
difficult to distinguish from a large defect or distortion. However,
for small n (and with a sufficient difference between λ1 and na),
the moiré combinations proposed here could lead to a variety of
new modulated phenomena.

Conclusion
In summary, we observe that the high susceptibility of URu2Si2 at
q1 results in a quenched charge modulation when there is a
sufficiently strong interaction with a cracking process. We are not
just condensing a magnetic or orbital excitation into a charge
modulation at q1 through fracture. The moiré between the atomic
lattice and the q1 modulation leads to a real pattern observed in
STM, which breaks the in-plane C4 symmetry. Of course such a
pattern is not a property of the HO found in pristine URu2Si2.
But it is related to HO through one of the wavevectors that lead to
the moiré. Our observation supports the claim that in the HO
phase electric interactions might play a key role, as proposed by
NMR experiments39 and more recent experiments in the related

compound UPt2Si248, and suggest that controlled fracture can be
used as a means to study ground state excitations.

Methods
We use a STM setup described in refs. 49,50 that features a movable sample holder
which we use to cleave in situ the sample and change in situ the scanning window49.
The single crystals of URu2Si2 have been grown as described in previous work51,52.
We first screened crystals for high quality, from different growths. Systematic stu-
dies on different crystals show than the HO phase itself is quite robust on sample
purity. We then cut crystals into needles of about 0.5 × 0.5 × 2mm. We inserted
each needle into a hole made on a gold substrate and glued them with silver epoxy.
The needles were positioned into the sample holder in such a way that they hit a
sharp ceramic blade when pulling on the sample holder. Slightly below 4.2 K we
pulled on the holder through a manual mechanism located at room temperature
and connected to the holder with a piano cord. We felt resistance when the sample
touched the blade. We continued pulling until we heard a characteristic “crack”. At
this point, the sample was broken. The noise created during crack, which we heard
outside the dilution refrigerator, evidences generation of sound waves during
fracture. This was made with the tip far from the sample. We then approached the
tip to the sample, scanned and obtained the results discussed here. We provide
results of five succesful cleaves, obtaining each time atomically flat surfaces in
cryogenic vacuum. In each crystal, we were able to study several tens of scanning
windows, each limited by the scanning range of our piezotube (2 × 2 μm)49. We
present almost exclusively topographic STM images made at 150mK and with the
STM on constant current mode held by a feedback loop, with a setpoint of a fraction
of nA and at a bias voltage of order of 10mV.

Data availability
All data in this publication and in its supplementary information are available upon
reasonable request at the corresponding authors.
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