
showed no mortality, with a modestly en-
hanced memory CD8 T cell differentiation and
viral control (fig. S12). Taken together, these data
are consistentwith amodel inwhichuncontrolled
viral replication resulted in overstimulation of
vaccine-elicited TH1 CD4 cells, leading to gen-
eralized inflammation and multi-organ system
failure (fig. S13).
Our data demonstrate that a vaccine that

elicits primarily CD4 T cells can result in lethal
immunopathology after challenge with a persist-
ently replicating virus by a mechanism that in-
volves hyperstimulation of vaccine-elicited CD4
T cells by uncontrolled viral replication. Both
antiviral CD8 T cells and antibodies that limit
viral replication abrogate this pathology. These
data show that vaccine-elicited CD4 T cells can
trigger immunopathology and mortality in cer-
tain settings.
Although the extent to which this phenom-

enon may occur in humans has not yet been
determined, this mechanism is potentially gen-
eralizable to other vaccines that primarily induce
CD4 T cells in the absence of other effective
antiviral immune responses. A previous study
reported that a vaccine that encoded an SIV CD4
T cell epitope led to higher viral loads and ac-
celerated AIDS progression relative to controls
after SIV challenge in rhesus monkeys (28),
although SIV-specific CD4 T cell responses were
not directly measured in that study. Moreover,
because activated CD4 T cells also can serve
directly as targets for HIV, vaccine-elicited CD4
T cells could theoretically have multifactorial
negative effects (29). These findings warrant a
thorough reevaluation of CD4 T cell responses,
especially in the context of chronic infection.
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SUPERCONDUCTIVITY

Charge ordering in the electron-doped
superconductor Nd2–xCexCuO4
Eduardo H. da Silva Neto,1,2,3,4*† Riccardo Comin,1,2* Feizhou He,5 Ronny Sutarto,5

Yeping Jiang,6 Richard L. Greene,6 George A. Sawatzky,1,2 Andrea Damascelli1,2†

In cuprate high-temperature superconductors, an antiferromagnetic Mott insulating state
can be destabilized toward unconventional superconductivity by either hole or electron
doping. In hole-doped (p-type) cuprates, a charge ordering (CO) instability competes with
superconductivity inside the pseudogap state.We report resonant x-ray scattering
measurements that demonstrate the presence of charge ordering in the n-type cuprate
Nd2–xCexCuO4 near optimal doping.We find that the CO in Nd2–xCexCuO4 occurs with
similar periodicity, and along the same direction, as in p-type cuprates. However, in
contrast to the latter, the CO onset in Nd2–xCexCuO4 is higher than the pseudogap
temperature, and is in the temperature range where antiferromagnetic fluctuations are
first detected. Our discovery opens a parallel path to the study of CO and its relationship to
antiferromagnetism and superconductivity.

C
opper oxide superconductors are suscep-
tible to a number of instabilities, but the
relevance of these phases to the super-
conducting pairing mechanism is unclear.
Charge ordering (CO) has emerged as a uni-

versal feature of hole-doped (p-type) cuprates,
but it has so far not been detected in n-type
cuprates (1) (Fig. 1A). Early evidence for a CO in
the cuprates came from the detection in La-based
cuprates of a periodic organization of spins and
charge known as stripes (2–5), where the charge
is periodic every four lattice constants along the
Cu-O bond direction. More recently, following

evidence for Fermi surface reconstruction from
quantum oscillations (6, 7), nuclear magnetic res-
onance (8) and x-ray scattering measurements
(9, 10) have directly shown the presence of a
similar CO competing with superconductivity in
Y-basedcuprates. The opportunity todirectly probe
CO in reciprocal space has further propelled sev-
eral resonant x-ray scattering measurements of
the Y-based family (11–13) as well as the detection
of CO in Bi cuprates (14–16)—substantiating ear-
lier surface evidence by scanning tunneling mi-
croscopy (17–20)—and also in the single-layer Hg
compound (21).
Studies of Bi-based cuprates, for which a con-

siderable amount of angle-resolved photoemission
spectroscopy (ARPES) data are available, show
that the CO wave vector connects the ends of the
Fermi arcs (14, 15)—an observation that links the
existence of CO to the pseudogap in hole-doped
systems. Additionally, doping-dependent mea-
surements on bilayer systems (9, 13, 22, 23) find
charge ordering to be most pronounced in a re-
gion of hole doping near x = 1/8, where stripes
are predominant in La-based cuprates (2, 3).
These results raise the questions of whether the
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particular phenomenology of the hole-doped
cuprates such as the pseudogap-induced Fermi
arcs, or the propensity toward stripe formation,
are necessary ingredients for CO formation, or
whether CO is a generic electronic property of
the CuO2 layer that is ubiquitous to all cuprates
including n-type materials.
Here, we report resonant x-ray scattering (RXS)

measurements on the electron-doped cuprate su-
perconductor Nd2–xCexCuO4 (24). Our studies
were performed on samples with doping levels
(x = 0.14 T 0.01 and x = 0.15 T 0.01) for which
quantum oscillations indicate a small Fermi sur-
face (25, 26). We use the standard scattering geo-
metry (Fig. 1B) (24), similar to previous studies
(9, 14, 15). The tetragonal b axis of the sample is
positioned perpendicular to the scattering plane,
allowing the in-plane components ofmomentum
transfer to be accessed by rotating the sample
around the b axis (q scan). For RXSmeasurements,
the energy of the incoming photons is fixed to the
maximum of the Cu-L3 absorption edge, which is
at E ≈ 931.5 eV (Fig. 1B).
Our main finding is summarized in Fig. 1, C

and D. An RXS peak is observed at an in-plane
momentum transfer of H ≈ –0.24 rlu (reciprocal
lattice units) along the Cu-O bond direction; this
is notably similar in periodicity and direction to
the x-ray scattering peaks found in the hole-doped
materials (3–5, 9–16, 21, 23). The use of photons
tuned to the Cu-L3 edge is expected to greatly
enhance the sensitivity in our measurement to
charge modulations involving the valence elec-
trons in the CuO2 planes (3). As the photon en-
ergy is tuned away from resonance, the distinct
peak nearH = –0.24 disappears, thus confirming
its electronic origin (Fig. 1, C and D) (24). This
shows the presence of charge ordering in an
electron-doped cuprate.
Further insights into charge ordering forma-

tion are obtainedby temperature-dependentmea-
surements. The distinct CO peak observed at low
temperatures (Fig. 2, A and B) weakens as the
temperature is raised, but disappears only above

300 K. Although a temperature evolution is clear-
ly seen in the raw data (Fig. 2, A and B, and fig.
S3), the small size of the peak relative to the high-
temperature backgroundprecludes a precise deter-
mination of an onset temperature. Nonetheless,
within the detection limits of the experiment, the
CO seems to gradually develop with lowering
of temperature starting around 340 K (Fig. 2C).
Note that this temperature is much higher than
the pseudogap onset in Nd2–xCexCuO4 [~80 to
170K in thex=0.14 to 0.15 doping range (1,27,28)],
in clear contrast to observations in hole-doped
cuprates, where the p-type pseudogap either pre-
cedes ormatches the emergence ofCO (9–15,21–23).
This dichotomy is not completely unexpected
given that the pseudogaps observed in p- and
n-type cuprates are dissimilar in many ways (1).
In particular, the n-type pseudogap has been asso-

ciated with the buildup of antiferromagnetic (AF)
correlations that first appear below 320 K (for x =
0.145 samples), as determined by inelastic neutron
scattering measurements (27–29). Interestingly,
the temperature evolution of the CO resembles
the soft onset of AF correlations (28)—an obser-
vation that suggests a connection between CO
and AF fluctuations in electron-doped cuprates.
We now use the available knowledge of the

Fermi surface of Nd2–xCexCuO4 to further inves-
tigate the connection between AF and CO forma-
tion. We find that the CO peak, although broad, is
centered around an in-plane momentum transfer
QCO = 0.23 T 0.04 and QCO = 0.24 T 0.04 for x =
0.14 and x = 0.15, respectively (Fig. 3, A and B).
Comparison of QCO to the Fermi surface topology
measured by ARPES (Fig. 3C, left panel) shows
that its value is consistent with scattering between

SCIENCE sciencemag.org 16 JANUARY 2015 • VOL 347 ISSUE 6219 283

Fig. 1. Charge ordering in electron-doped cuprates. (A) Temperature-
doping phase diagram for the cuprates, including the AF parent state
(green), the superconductivity (SC, blue), and distinct n-type (faded green)
and p-type (gray) pseudogap phases. The CO phase observed in p-type
cuprates is marked in red. (B) The Cu-L3 absorption edge at 931.5 eV
(2p → 3d transition) and a schematic of the scattering geometry. (C and D)

On- and off-resonance q scans at 22 K, showing the RXS diffraction signal as a
function of in-plane momentum transfer (H) along the Cu-O bond direction
[see (B)] for x = 0.14 and x = 0.15, respectively.To provide a better comparison,
the off-resonance scans were rescaled tomatch the tails of the on-resonance q
scans. The yellow stars mark the H values of highest intensity for the two
samples (obtained from Fig. 3).
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Fig. 2. Temperature dependence of the CO. (A and B) On-resonance q scans for x = 0.14 and x = 0.15
samples, respectively, at select temperatures, showing that the onset of the charge ordering occurs above
300K. (C) Temperature dependence of the RXS intensity for the two samples in (A) and (B) obtained from
themaxima of the background-subtracted peaks.The intensity in (C) is normalized to themaximum value
between the two samples; the error bars represent the standard errors from Lorentzian fits to the
background-subtracted peaks (24).

RESEARCH | REPORTS



the parallel segments near (p, 0). Thanks to the
relative robustness of the AF phase in n-type
cuprates, the Fermi surface has often been in-
terpreted to undergo (p, p) folding along the AF
zone boundary—a scenario that is consistent with
both ARPES (30) and quantum oscillation results
(25). In this context, QCO would connect opposite
sides of electron pockets centered at (p, 0) (Fig. 3C,
right panel). Alternatively,QCOmight instead con-
nect the intersections between theAF zone bound-
ary and the underlying Fermi surface, the so-called
hot spots where the effect of AF scattering and
the pseudogap are maximal (30). However, the
conventional expectation that the onset of CO
above room temperature should gap the Fermi
surface seems to contradict both scenarios, be-
cause the pseudogap opens only at the hot spots
below 180K,whereas no gapping is observed near
(p, 0) above the superconducting transition (1);
this suggests that Fermi surface nesting might
not be the origin of the CO. Unfortunately, how-
ever, this kind of comparison between temper-
ature scales might be rendered inconclusive by
the possibility that the CO never becomes suffi-
ciently long-ranged, or large enough in amplitude,
to induce a detectable reconstruction of the Fermi
surface (at least in the absence of an appliedmag-
netic field). Indeed, the widths of the CO peaks
shown in Fig. 3, A and B, indicate a short corre-
lation length (15 to 27 Å) (24), again similar to
what has been observed in Bi-based cuprates
(14–16). Perhaps further measurements, spanning
larger doping ranges, will be able to test exactly
which momentum states are involved in the CO,
although the broadness of the CO peak in recip-
rocal space might ultimately limit the precision
towhich the location ofQCO on the Fermi surface
can be determined.
The fact that CO never develops into a long-

ranged electronic ground statemight also hinder

the ability of transport or thermodynamic probes
to detect it. However, we find that the presence
of CO might be relevant to the interpretation of
experiments that probe the inelastic excitations
of Nd2–xCexCuO4. We start by observing that the
value ofQCO is consistent with the phonon anom-
aly nearH ≈ 0.2 observed by inelastic x-ray scatter-
ing inNd2–xCexCuO4 (31).More recently,Hinton etal.
(32) reported time-resolved reflectivity studies
that show the presence of a fluctuating order
competing with superconductivity, although they
could not determine which electronic degrees of
freedom (i.e., charge or spin) were responsible for
such order. Additionally, resonant inelastic x-ray
scattering measurements (33, 34) have recently
shown the presence of an inelastic mode—above
a minimum energy transfer of 300 T 30 meV
[comparable to the pseudogap (30)]—which is
distinct from the well-characterized AF fluctua-
tions reminiscent of the Mott-insulating parent
state (28, 33–35). Whereas Ishii et al. (34) as-
cribed this new mode to particle-hole charge
excitations, Lee et al. (33) proposed that themode
might be the consequence of an unspecified
broken symmetry—a scenario supported by their
observation that this mode disappears above
270 K for x = 0.166. Our discovery of charge
ordering in Nd2–xCexCuO4 might provide the
missing piece of information to interpret the
aforementioned studies by identifying the actual
broken symmetry.
Finally, on a fundamental level, some degree

of electron-hole asymmetry should be expected
in the cuprate phase diagram. In fact, whereas
doped hole states below the charge transfer gap
have a strong O-2p character, n-type doping cre-
ates low-energy electronic states of predominant-
ly Cu-3d character in the upper Hubbard band
(36–38). This dichotomy, together with recent
RXS reports of a bond-centered CO in p-type ma-

terials (39), suggests that the n-type CO observed
here may instead be centered on the Cu sites—an
idea that requires further investigation. However,
despite this underlying electron-hole asymmetry,
the CO uncovered in Nd2–xCexCuO4 by our study
shows several similarities to its p-type equivalent,
such as its direction, periodicity, and short cor-
relation length (14, 15). In addition, our observa-
tion of a connection between the onset of CO and
AF fluctuations suggests that the latter might
generally lead to an accompanying intertwined
charge order in unconventional superconductors,
regardless ofwhich orbitals are involved in the CO
(40, 41). If such is the case, detailed studies will be
necessary to understand the role of antiferro-
magnetism in charge order formation, perhaps
even beyond the cuprates. Nonetheless, our dis-
covery of charge ordering in n-type cuprates ex-
pands the universality of this phenomenon to
the electron-doped side of the phase diagram,
and provides a new avenue to understand its
microscopic origin by exploiting the differences
between p- and n-type cuprates.
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Fig. 3. Electronic origin of the CO. (A and B) CO peak extracted by subtraction of the highest-
temperature q scan from an average of the lowest-temperature q scans (22 to 180 K) (24). A fit of the
data to a Lorentzian plus linear background function (red line) is used to indicate the H value of highest
intensity, which is –0.23 T 0.04 rlu for the x = 0.14 sample (A) and –0.24 T 0.04 rlu for the x = 0.15
sample (B). The extracted peaks in (A) and (B) are normalized to their respective maxima. (C) Fermi
surface of Nd2–xCexCuO4 (x = 0.15) measured by ARPES (30) (left) and a schematic of the expected
Fermi surface reconstruction (right) due to AF folding (yellow diamond). The folded Fermi surface is
composed of hole (red) and electron (cyan) pockets. The arrows (white and black) and dashed lines
represent QCO = 0.24 rlu, and connect either the parallel segments of the Fermi surface near (p, 0) or
the intersection with the AF zone boundary.
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Semiconductor double quantum
dot micromaser
Y.-Y. Liu,1 J. Stehlik,1 C. Eichler,1 M. J. Gullans,2 J. M. Taylor,2,3 J. R. Petta1,4*

The coherent generation of light, frommasers to lasers, relies upon the specific structure of the
individual emitters that lead to gain. Devices operating as lasers in the few-emitter limit provide
opportunities for understanding quantum coherent phenomena, from terahertz sources to
quantum communication. Here we demonstrate a maser that is driven by single-electron
tunneling events. Semiconductor double quantum dots (DQDs) serve as a gain medium and are
placed inside a high-quality factor microwave cavity.We verify maser action by comparing the
statistics of the emitted microwave field above and below the maser threshold.

A
conventional laser uses an ensemble of
atoms that are pumped into the excited
state to achieve population inversion (1, 2).
Enabled by advances in semiconductor
device technology, semiconductor lasers

quickly evolved from p-i-n junctions (3, 4), to
quantum well structures (5) and quantum cas-
cade lasers (QCLs) (6). In QCLs, an electrical bias
is applied across exquisitely engineered mul-
tiple quantum well structures, resulting in
cascaded intraband transitions between con-
fined two-dimensional electronic states that lead
to photon emission (7). However, QCL emission
frequencies are set by heterostructure growth
profiles and cannot be easily tuned in situ. At the
same time, in atomic physics, researchers dem-
onstrated a single-atom maser, where atoms
prepared in the excited state transit through a
microwave cavity for a precisely controlled pe-
riod of time, such that the atom “swaps” its ex-
citation to the microwave cavity, generating a
large photon field (8). These early experiments
were extended to a single atom trapped in a
high-finesse optical cavity (9), aswell as condensed-
matter systems, where artificial atoms were
strongly coupled to cavities (10–14).
Here we demonstrate a maser that is driven

by single-electron tunneling events. The gain me-

dium consists of semiconductor double quantum
dots (DQDs) that support zero-dimensional elec-
tronic states (15). Electronic tunneling through
the DQDs generates photons that are coupled to
a cavitymode (16). In contrast to optically pumped
systems, population inversion is generated in
theDQD system through the application of a bias
voltage that results in sequential single-electron
tunneling.
The maser consists of two semiconductor

DQDs (referred to as the left DQD and right
DQD, Fig. 1), which are electric-dipole coupled
to a microwave cavity. The cavity is formed
from a half-wavelength (l/2) superconducting
Nb transmission line resonator with a center
frequency fc = 7880.55 MHz and a loaded qual-
ity factor Qc ≈ 3000 (17, 18). Two lithographically
defined InAs nanowire DQDs serve as the maser
gain medium (16, 19). Each DQD is fabricated
by placing a single InAs nanowire over five
Ti/Au bottom gate electrodes (Fig. 1C) (20, 21).
The bottom gates create a tunable DQD confine-
ment potential in the nanowire (21). Electrosta-
tically defined DQDs, often regarded as artificial
molecules (15), are a unique gain medium. They
are fully reconfigurable, with electronic transitions
that can be tuned from gigahertz to terahertz
frequencies.
A source-drain bias voltage VSD = 2 mV is ap-

plied across the DQDs to drive a current. The
energy levels of each DQD can be separately
tuned and are described by the left (right) DQD
detuning eL (eR). Current will flow in a nanowire
DQD through a series of downhill (in energy)
single-electron tunneling events (see level dia-
grams in Fig. 1B). In contrast with quantum well
structures, current results from single-electron tun-

neling events between electrically tunable zero-
dimensional states in the DQD (15, 22). Electron
tunneling results in microwave gain, which is ac-
cessed by measuring the transmission through
the cavity (16).
To measure the gain, the cavity is driven with

a coherent field at frequency fin = fc with a power
Pin. Measurements of the output power Pout
yield the power gain G = CPout/Pin, where C is a
normalization constant set such that G = 1
when both DQDs are in Coulomb blockade (no
current flow) (16, 23). With VSD = 0, charge dy-
namics within the DQD result in an effective
microwave admittance that damps the electro-
magnetic field inside the cavity, yielding G < 1
(18, 24, 25). Application of a source-drain bias
that drives sequential tunneling through the
DQD can lead to gain in the cavity transmis-
sion,G > 1 (16). In Fig. 1D, we plotG as a function
of eL for VSD = 2 mV and fin = fc. For downhill
electron tunneling (eL > 0), we measure a max-
imum gain G ≈ 7 (23). In contrast, for eL < 0, the
left DQD can absorb a photon from the cavity,
leading to loss G ≈ 0.2 (18, 25). These data are
acquired with the right DQD configured in
Coulomb blockade such that the current is zero
(15). For simplicity, we refer to a DQD as “on”
when its detuning is set to achieve maximum
gain and “off” when the DQD is configured in
Coulomb blockade with G = 1.
We investigate the cavity response by measur-

ing G as a function of fin with Pin = –120 dBm
(Fig. 2). The black curve is the “cold cavity trans-
mission” obtained with both DQDs configured
in the off state, where the maximum G = 1. Here
the gain curve is a Lorentzian with a width set by
the cavity decay rate k/2p = 2.6 MHz. When eL is
set to the gain peak shown in Fig. 1D, we observe
a maximum G ≈ 16 at fin = 7880.30 MHz. Similar-
ly, with the right DQDon and the left DQD off, we
observe a maximum G ≈ 6 at fin = 7880.41 MHz.
In both configurations, the observed gain rate is
too small to reach themaser threshold. In contrast,
the red curve in Fig. 2 shows the gain curve with
both DQDs in the on state. Here the cavity re-
sponse is sharply peaked at fin = 7880.25 MHz,
yielding a maximum gain G ≈ 1000, which is
much larger than the product of the individual
gains.
We next examine the characteristics of the

device in free-running mode (with no cavity drive
tone). Figure 3 shows the power spectral density
S(f) of microwave radiation emitted from the cav-
ity in the on/on configuration. The spectrum is
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Materials and Methods 

 
RXS measurements were performed at the REIXS beamline of the Canadian Light 

Source, using a 4-circle diffractometer (42). Reciprocal-space scans were acquired by 
rocking the sample angle (θ) at fixed detector position (θdet=170°), in the temperature 
range 22 to 420 K. The incoming photon polarization was set vertical to the scattering 
plane (σ polarization). The samples were pre-oriented using Laue diffraction and mount-
ed with either a or b axis in the scattering plane. Four samples were measured in the dop-
ing range x = 0.14 ± 0.01 to x = 0.15±0.01. No qualitative differences were observed be-
tween measurements done on samples cleaved in situ and samples where no surface 
preparation was done. In all cases resonant CO peaks were detected with wavevectors 
and temperature dependences similar to those reported in the text. The crystals were 
grown by the flux method and annealed for two days at the appropriate temperature to 
render them superconducting (1). The Ce concentration of the crystals was determined 
using wavelength dispersive x-ray (WDX) analysis. The Tc onset determined from resis-
tivity measurements is near 21 K for both samples, and zero-field-cooled susceptibility 
measurements indicate full superconductivity. Hall-effect measurements on the x = 0.14 
sample are compatible with the doping indicated by WDX within the error limits ±0.01. 

Supplementary Text 

 
Energy Dependence of the CO Scattering Peak 
 

Measurements performed with the photon energy set to the Ce-M edges (884.3 eV 
and 901.9 eV), Nd-M edges (978.2 eV and 998.8 eV), and O-K edge (530.5 eV) did not 
show any diffraction peaks in the θ-scans. However, given the rich structure of the O-K 
absorption edge in the cuprates, our limited measurements at this energy are far from suf-
ficient to rule out the presence of a CO peak at that absorption peak. On the other hand, 
diffraction peaks (at a wavevector of H ≈  ± 0.24) were readily detected when the photon 
energy was tuned near the Cu-L3 edge at 931.5 eV (Fig. S1). Due to a more sloped back-
ground for the positive-H θ-scans (Fig. S1), for most of this study we focused our meas-
urements on the H < 0 section of reciprocal space. The resonance energy profile of the 
scattering peak (obtained after background subtraction) is shown in Fig. S2.   
 
Temperature Dependence of the Charge Ordering 

 
Figure 2C in the manuscript shows the extracted temperature dependence of the CO 

peak. The full set of θ-scans from which Fig. 2C was generated is displayed in Fig. S3. It 
can already be seen in the raw data that CO onsets in the temperature range between 300 
K and 340 K. More importantly, for both dopings (x = 0.14 and x = 0.15) a robust CO 
peak is already observed at 180 K, which is above the pseudogap temperature, 80-170K 
in the x = 0.14-0.15 doping range (1,27,28). This confirms that the CO onsets at much 
higher temperatures than the pseudogap – a key finding of our work. 
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The shape of the background (420 K) is a combination of systematic effects, but it is 
mostly determined by the angular dependence of the fluorescence emission, making it 
difficult to interpret quantitatively. On a qualitative account, the θ-scans we performed 
span an angular range of 50°, so small variations in the background are expected. Particu-
larly on the far side the incoming and take-off beams approach grazing angles, causing a 
stronger sensitivity of the background signal to the relative position of the beam on the 
sample and to inhomogeneities due to the larger (surface-projected) effective beam spot. 
Given that no two measured samples have identical geometrical shapes, the fluorescence 
background observed in the θ-scans is expected to vary between measurements. Indeed 
such a variation can be seen between the θ-scans for x = 0.14 and x = 0.15 samples (Fig. 
1C-D, Fig. 2A-B and Fig. S3), which show backgrounds with different slopes. To a much 
smaller degree a similar effect is also observed as a function of temperature due to ther-
mal drift. To minimize this systematic effect the sample position was adjusted at each 
temperature in order to maintain it constant. Nevertheless, small variations of the sample 
position (in the order of 50 μm) are inevitable and therefore the θ-scans in Fig. S3 show 
slight differences in the background as a function of temperature. Indeed this kind of ef-
fect has been observed in YBCO, BSCCO 2201, and BSCCO 2212 measurements per-
formed in this scattering chamber, although perhaps less apparent in the case of YBCO 
due to the higher signal-to-background ratio of the CO peak. 

To extract the value of QCO reported in the text and in Fig. 3A-B, we subtract the 
highest temperature θ-scan (420 K) from an average of the lowest temperature data (22 K 
to 180 K). The averaging of the lowest temperature scans is used to minimize the differ-
ences in the background induced by thermal drift which could skew the QCO value ex-
tracted from the data. Despite this averaging an asymmetry is observed in the peak of Fig. 
3A, which originates from the background systematics mentioned above.  

To extract the temperature dependence of the CO peak we need to determine a tem-
perature independent background. However, choosing a single temperature as the back-
ground would have biased the determination of an onset temperature. Therefore the 
background used for subtraction in Fig. 2C is obtained from a polynomial fit to the tails 
(H < -0.32 and H > -0.13, e.g. excluding the peak region) of the temperature-averaged θ-
scans. Remarkably this polynomial line shape (red line in Fig. S4A-B) closely matches 
the high-temperature θ-scans (see for example 380 K for x = 0.14 sample, Fig. S4A). This 
unique line shape is then subtracted from the total signal for each temperature in order to 
isolate the CO peak. The CO amplitude (and accompanying error bars) in Fig. 2C are ob-
tained from a Lorentzian fit to the background-subtracted θ-scans (Fig. S4C). Clearly a 
Lorentzian does not accurately fit the extracted peak, and we only use the fit to obtain a 
measure of the peak height, while discarding other fitting parameters such as the width. 
Of course a fit to a Lorentzian function plus a linear background seems to better capture 
the background-subtracted peak (Fig. S4C), and it yields a similar temperature depend-
ence as in Fig. 2C (see Fig. S4D for comparison). Given that the two methods are equiva-
lent, we chose to use the single Lorentzian fit, since it is the minimal model to fit a peak, 
and yields (larger) error bars that better reflect the experimental uncertainty. We conclude 
that the temperature evolution in Fig. 2C is robust to the choice of fitting method, and 
that it simply summarizes the behavior already seen in the raw data (Fig. S4). 
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Correlation Length of the Charge Ordering 

To estimate the real-space correlation length, , of the charge order we need to de-
termine the width of the CO peak in reciprocal space. Because of the small amplitude of 
the scattering signal in relation to the fluorescence background, we find no statistical dif-
ference between fitting the extracted peaks with a Lorentzian or a Gaussian function. Us-
ing either fitting function we find that the half width at half maximum (HWHM) values 
range from 0.04 to 0.07 rlu as obtained from fitting the background-subtracted peak for 
all dopings and temperatures reported here. We note that this HWHM is similar to the 
values reported for Bi2Sr2-xLaxCuO6+ (~0.04 to 0.05 rlu). Assuming that the peak has a 
Gaussian lineshape, we obtain the values for  reported in the text (15 to 27 Å). If a Lo-
rentzian function is assumed instead, then the  values above should be divided by 
2(ln2)1/2

 = 1.66 – reflecting the difference in the functional form for the density-density 
correlation function: a simple exponential (Lorentzian in Fourier space) in one case, and a 
Gaussian (also a Gaussian in Fourier space) in the other. 
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Fig. S1 

On-resonance (Cu-L3 edge, 931.5 eV) θ-scans for an x = 0.14 sample at 22 K (blue) and 
380 K (purple) showing the presence of a scattering peaks for H ≈  ± 0.24 (yellow stars) 
at low temperature. The intensity is proportional to the multi-channel plate (MCP) detec-
tor reading normalized by the beam flux. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

6 
 

 

Fig. S2 

Resonance profile at QCO obtained after background subtraction for x = 0.14 (blue) and x 
= 0.15 (green) samples, superimposed on the Cu-L3 absorption edge (red line). 
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Fig. S3 

Temperature dependence of θ-scans for x = 0.14 and x = 0.15 samples. The curves were 
vertically offset for clarity. Note that for both samples the CO scattering peak first devel-
ops around 340 K, and it is clearly visible at 180 K.  
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Fig. S4 

(A-B) θ-scans for x = 0.14 sample at 380 K (purple) and 22 K (blue), respectively. The 
background function obtained from a polynomial fit to the temperature-averaged θ-scans 
is also shown (red, see text for details). (C) Extracted CO peak (gray) and fit to a Loren-
tzian function with (orange) and without (blue) linear background. (D) Comparison be-
tween the temperature dependence extracted using the two different fitting procedures. 
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