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investigation given above has been confined to that portion of the spectrum 
on the red side of the blue. If we wish to extend our investigation into the 
blue and violet then we should have to take account of the effect of the blue 
sensation. Further, although it seems quite clear that the major part of the 
luminosity perceived in that part of the spectrum including the red, yellow 
and green, at any rate with fairly bright spectra, is due to the red and green 
sensations, there is much evidence to indicate that, at any rate in the green 
and blue, there is a fourth sensation which may be called the fundamental 
white sensation. This probably corresponds to the rod-effect of von Kries, 
which would have to be taken into account if extremely minute differences 
of luminosity were under consideration, or if we were dealing with spectra of 
small intensity.
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In a discussion of the Laue photographs it has been shown* that they 
may conveniently be interpreted as due to the reflection of X-rays in such 
planes within the crystal as are rich in atoms. This leads at once to the 
attempt to use cleavage planes as mirrors, and it has been found that mica 
gives a reflected pencil from its cleavage plane strong enough to make a 
visible impression on a photographic plate in a few minutes’ exposure. It 
has also been observed that the reflected pencil can be detected by the 
ionisation method.!

For the purpose of examining more closely the reflection of X-rays in 
this manner we have used an apparatus resembling a spectrometer in form, 
an ionisation chamber taking the place of the telescope. The collimator is 
replaced by a lead block pierced by a hole which can be stopped down to 
slits of various widths. The revolving table in the centre carries the 
crystal. The ionisation chamber is tubular, 15 cm. long and 5 cm. in 
diameter. It can be rotated about the axis of the instrument, to which its 
own axis is perpendicular. It is filled with sulphur dioxide in order to 
increase the ionisation current: both air and methyl iodide have also been 
used occasionally to make sure that no special characteristics of the gas in

* W. L. Bragg, ‘ Proc. Camb. Phil. Soc.,5 vol. 17, Part I, p. 43. 
t  W. H. Bragg, ‘ Nature,’ Jan. 23, 1913.
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Angle of set t ing of crystal. 
Iron pyrites.

F ig . 2.—Reflection from face (100) of iron pyrites, at varying angles of incidence. 
Abscissa—Angle of incidence of rays on crystal face ; Ordinate—Strength of 
reflected beam, arbitrary scale.

C,B, A,

F ig . 3.—Reflection (I) from face (100) and (II) from face (111) of rock-salt. The curves 
show the variation of strength of reflected beam with angle of incidence.

effects; but, of course, it takes much longer time to make, and more space 
to exhibit. The results for iron pyrites are shown in the series of curves of 
fig. 4: a series in which each curve is obtained in the same way as the curve 
of fig. 1, the crystal being set at some definite angle which is altered in going 
from curve to curve. The curves are arranged so that the vertical distance 
between the horizontal lines of reference of any pair is proportional to the 
difference in the angles of setting of the crystal in the two cases.

In comparing the curves at the different angles two principles must be 
borne in mind. In the first place if there is a general reflection of rays 
throughout the whole range of the pencil which is emerging from the slit 
near the bulb, the curves show, as in fig. 1, a maximum with similar slopes
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marked, and the question at once arises as to why the second spectrum should 
be so much stronger than the first in this case and so much weaker in the 
case of the face {100}. A large amount of the general falling away of 
intensity at small angles, so obvious in Curve II as compared with Curve I, 
is undoubtedly due to the fact that the {111} face used was not extended 
enough to catch the whole pencil of rays from the bulb slit at so glancing an 
angle.

There can be little doubt as to the interpretation of these results. The 
three peaks A, B, and C represent three sets of homogeneous rays. Rays of 
a definite quality are reflected from a crystal when, and only when, the 
crystal is set at the right angle. This is really an alternative way of stating 
the original deduction of Laue. The three sets of rays are not manufactured 
in the crystal, because all their properties are independent of the nature of 
the crystal. An absorbing screen may be interposed with the same effect 
before or after the rays have struck the crystal. This was found by Moseley 
and Darwin,* and we have verified it in the case of aluminium.

Since the reflection angle of each set of rays is so sharply defined, the 
waves must occur in trains of great length. A succession of irregularly 
spaced pulses could not give the observed effect. In the application of 
electromagnetic theory to monochromatic light on the one hand, and to 
homogeneous X-rays on the other, there is no difference to be considered 
beyond that of wave-length.

These results do not really affect the use of the corpuscular theory of 
X-rays. The theory represents the facts of the transfer of energy from 
electron to X-ray and vice versd, and all the phenomena in which this 
transfer is the principal event. It can predict discoveries and interpret 
them. It is useful in its own field. The problem remains to discover how 
two hypotheses so different in appearance can be so closely linked together.

It is of great interest to attempt to find the exact wave-length of the rays 
to which these peaks correspond. On considering Curve I, fig. 3, it seems 
evident that the peaks Ai Bi Ci, A2 B2 C2 are analogous to spectra of the first 
and second orders, because of the absence of intervening sets of peaks. The 
value of n in the equation

nX =  2d sin 0

seems clear. The difficulty of assigning a definite wave-length to the rays 
arises when we attempt to determine the value of dy the distance of plane 
from plane.

* We learn that Messrs. Moseley and Darwin have lately been making experiments 
similar to some of those recorded here. Their results, which have not been published, 
agree with ours.
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LETTER RESEARCH

patterns in real space, as shown for a typical training image in Fig. 2b. 
It also scrambles the peaks in the d-symmetry Fourier transforms17 of 
the training images, rendering them broad and chaotic (Fig. 2c). In the 
second stage, we establish an ANN architecture that trains well with 
these training image sets. During training, the parameters of the ANN 
are adjusted iteratively to minimize a cross-entropy cost function29. 
Stochastic gradient descent, along with backpropagation30, is used for 
lowering the cost function. The training is complete and all parameters 
of each ANN are set when the cross-entropy31 saturates. Each finalized 
ANN generally has an accuracy of >99% when tested on validation 
images (see Fig. 2d and Methods section ‘Configuration of ANN’). The 
ANN design is a fully connected feed-forward network with a single 
hidden layer (Fig. 3). Statistical reliability of this ML system for different 
network architectures and different initial conditions is achieved by 
training 81 distinct ANNs in parallel with the same training image set.

Our ANN ensemble is first used to perform hypothesis tests for 
the experimental EQM image arrays as a function of electron density.  
The measured Z(r, E) electronic-structure images are from sam-
ples of the hole-doped copper oxide Bi2Sr2CaCu2O8 in the range 
0.06 ≤ p ≤ 0.20. Obviously, disorder and complexity of EQM abound in 
Z(r, ∆1) throughout this electron-density range (black double-headed 
arrow in Fig. 1a) and are equally apparent in the broad fluctuating 
peaks around ±δ δπ Q Q Q( , )a x x y

2
0

 and δ ±δπ Q Q Q( , )a x y y
2

0
 in Z(q, ∆1) 

(see Fig. 3a, b). Definite fundamental periodicities seem undetectable 
in these Z(r, ∆1) data. The set of experimental Z(r, E) image arrays have 
a field of view of 16 nm × 16 nm and are measured in a sequence of 
independent experiments on distinct crystals with p ≈ 0.06, 0.08, 0.085, 
0.14, 0.20 (critical temperature of Tc = 20, 45, 50, 74, 82 K, respectively). 
The ANNs analyse these Z(r, ∆1) images as a function of p, focusing on 
the pseudogap energy E = ∆1(p) because copper oxide EQM symme-
try breaking emerges at this energy17,25. Figure 4a–e shows the actual 
Z(r, ∆1) images provided to the trained ANN system and Fig. 4f–j 
shows their d-symmetry Fourier transforms. The ANNs succeed with 
high reliability in discriminating and identifying the periodic motifs 
for all of these images (Methods section ‘Validation and benchmark-
ing’). In Fig. 4k–o we show the response of the ANNs as the probability 
P(C) of the input EQM image being identified in category C. Here, 
the ANNs reveal that, on average, the phenomenology of the training 
images with C = 2 and λ = 4a0 has the highest probability of being rec-
ognized within the Z(r, ∆1) image array, but only for electron densities 
0.06 ≤ p ≤ 0.14. Thus, the ANNs identify a predominant translational 
symmetry breaking, which occurs commensurately with the specific 
wavelength λ = 4a0 (Fig. 4a–d). Overall, the ANNs determine that the 
identical, commensurate, 4a0-period electronic-structure modulations 
are hidden in all of the E ≈ ∆1 EQM images from the 0.06 ≤ p ≤ 0.14 
area of the CuO2 phase diagram.

A second key physics issue is the energy dependence within a Z(r, E) 
image array. Quasiparticle scattering interference17 (QPI) occurs when 
an impurity atom scatters wave-like states ki(E) into kf(E), resulting 
in quantum inference at wavevectors Qif = ki(E) − kf(E) and gener-
ating modulations of N(r, E) or its Fourier transform N(Qif, E). QPI 
is a physical phenomenon distinct from a DW state because, whereas 
the modulation wavevectors of QPI evolve rapidly with E, they do not 
for a DW state. Therefore, the ANNs explore a Bi2Sr2CaCu2O8 Z(r, E) 
array of 16 nm × 16 nm EQM images that are measured in a sequence 
of independent experiments at distinct electron energy of E = 66, 96, 
126, 150 meV on the same crystal with P = 0.08. Figure 5a–d shows 
this Z(r, E) image set that is input to the same ANN system. EQM com-
plexity in the identical field of view now evolves rapidly with electron 
energy because the images are dominated by QPI. Similarly, Fig. 5e–h 
shows the d-symmetry Fourier transforms Z(q, E) from Fig. 5a–d, 
which exhibit broad fluctuating peaks that evolve rapidly with electron 
energy, as expected in QPI. Well-defined fundamental periodicities are 
indiscernible in these Z(r, E) (Fig. 5a–d) and Z(q, E) (Fig. 5e–h) data. 
However, Fig. 5j–l demonstrates that the ANN suite finds the hypothe-
sis category with the highest recognition probability to be again C = 2, 

c

Category 1

Category 2

Category 3

Category 4

Input Hidden Output

W(1) W(2)

Low

High

b

qxqxqyqy

Low

High

2 nm2 nm

xxyy

a

2π
a0

× (0.4, 0)

2π
a0

× (0, –0.4)

Fig. 3 | ANN analysis of experimental EQM visualization data. a, Typical 
measured 16 nm × 16 nm (440 pixels × 440 pixels) Z(r, E = 84 meV) image 
of Bi2Sr2CaCu2O8 with p = 0.08 (Tc = 45 K). The disorder and complexity of 
copper oxide EQM are manifest. b, Typical measured Z(q, E = 84 meV) 
image of Bi2Sr2CaCu2O8 with p = 0.08 (Tc = 45 K), which is the d-symmetry 
Fourier transform of a. The disorder and complexity of EQM are also evident 
here in the broad and fluctuating peaks around ±δ δπ Q Q Q( , )a x x y

2
0

 and 
δ ±δπ Q Q Q( , )a x y y

2
0

 with |δQx| = |δQy| ≈ 0.2. Grey dots are at = ± .πq ( 0 4, 0)a
2

0
 

and = ± .πq (0, 0 4)a
2

0
. c, Schematic of the ANN analysis procedure for 

experimental Z(r, E) images. The successfully trained neural network with 
fixed parameters (weights W(1) and W(2) of the hidden layer and the output 
layer, respectively; biases) is a classifier; that is, it classifies each experimental 
image as belonging into one of the four categories. Neuron activation 
functions in our ANNs are taken to be the sigmoid function.

2 7  J U N E  2 0 1 9  |  V O L  5 7 0  |  N A T U R E  |  4 8 7

STS on high Tc cuprate BSSCO
Testing Charge Order Hypothesis

Zhang et al, Nature 570, 484 (2019)

Harnessing Data Revolution

RUS on URu2Si2
Constraining the hidden order OP
Ghosh, Matty et al. Sci. Adv.(2020)

6

FIG. 4. Results of the ANN analysis for two samples of URu2Si2. Upper blue curves show the averaged, sorted,
simulated frequency shift (“jump”) data plotted against its index in the sorted list for a doublet OP for (a) sample S1 and
(b) sample S2. The data are normalized to range from 0 to 1. Lower, red curve shows the same for a singlet OP. Grey dots
show experimental data for critical temperature assignment (a) THO = 17.26 and (b) THO = 17.540, which visually aligns more
closely with the average singlet simulated data than the doublet. Insets: percent confidence of the singlet output neuron for
various assignments of THO averaged over 10 trained networks. A maximum confidence of (a) 90.0% occurs for THO = 17.26K
and (b) 92.0% for THO = 17.54K. Sample S2 has a higher value of THO due to its lower impurity concentration, as verified
independently by the resistivity.

exciting opportunity to re-examine ultrasound experi-
ments that were previously unable to identify order pa-
rameter symmetry. For example, irregular sample geom-
etry prevented identification of the order parameter sym-
metry in the high-Tc superconductor YBa2Cu3O6.98

5.
Re-analysis of this spectrum using our ANN could re-
veal whether the OP of the pseudogap is associated
with Eu-symmetry orbital loop currents. The doublet
px+ipy superconducting state of Sr2RuO4 (and other po-
tential spin-triplet superconductors) could also be iden-
tified in this fashion, where traditional pulse-echo ultra-
sound measurements have been confounded by system-
atic uncertainty39.

Beyond RUS, there are many other data analysis prob-
lems in experimental physics that stand to be improved
by the use of ANNs40. In particular, any technique where
simulation of a data set is straightforward but where fit-
ting is di�cult should be amenable to a framework of the
type used here. This is similar to how ANNs excel at im-
age recognition—it is easy to produce images of a cat, but
di�cult to identify cats using gradient-based search algo-
rithms. The most immediately obvious technique where
our algorithm could be applied is NMR spectroscopy.

NMR produces spectra in a similar frequency range to
RUS, but which originate in the spin-resonances of nu-
clear magnetic moments. Modern broad-band NMR can
produce complex temperature-dependent spectra, con-
taining resonances from multiple elements situated at
di↵erent sites within a unit cell. Given a particular mag-
netic order it is relatively straightforward to calculate the
NMR spectrum. The inverse problem, however, is more
challenging: recovering a temperature-dependent mag-
netic structure from an NMR data set. In a way similar
to RUS, missing resonances, and resonances mistakenly
attributed to di↵erent elements, can render an analysis
entirely invalid. It should be relatively straightforward
to adapt our framework for generating training data and
our ANN to extract temperature (or magnetic field) de-
pendent magnetic structures from NMR spectra.
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SOLID-STATE PHYSICS

A parity-breaking electronic nematic
phase transition in the spin-orbit
coupled metal Cd2Re2O7
J. W. Harter,1,2 Z. Y. Zhao,3,4 J.-Q. Yan,3,5 D. G. Mandrus,3,5 D. Hsieh1,2*

Strong electron interactions can drive metallic systems toward a variety of well-known
symmetry-broken phases, but the instabilities of correlated metals with strong spin-orbit
coupling have only recently begun to be explored. We uncovered a multipolar nematic
phase of matter in the metallic pyrochlore Cd2Re2O7 using spatially resolved second-
harmonic optical anisotropy measurements. Like previously discovered electronic nematic
phases, this multipolar phase spontaneously breaks rotational symmetry while preserving
translational invariance. However, it has the distinguishing property of being odd under
spatial inversion, which is allowed only in the presence of spin-orbit coupling. By examining
the critical behavior of the multipolar nematic order parameter, we show that it drives
the thermal phase transition near 200 kelvin in Cd2Re2O7 and induces a parity-breaking
lattice distortion as a secondary order.

I
n the presence of strong Coulomb inter-
actions, the fluid of mobile electrons in a
metal can spontaneously break the point
group symmetries of the underlying crystal
lattice, realizing the quantum analog of a

nematic liquid crystal (1). Like their classical
counterparts, quantumnematic phases generally
preserve spatial inversion symmetry and are there-
fore anisotropic but centrosymmetric fluids. Ex-
perimental evidence of such nematic order was
first detected in a two-dimensional (2D) GaAs/
AlGaAs quantum well interface on the basis of
a pronounced resistivity anisotropy between the
two principal directions of the underlying square
lattice (2, 3). Subsequently, similar behavior has
been reported in a number of quasi-2D square
lattice compounds, including Sr3Ru2O7 (4), URu2Si2
(5), and several families of both copper- (6, 7) and
iron-based (8–11) high-temperature superconduc-
tors, suggesting possible connections between
even-parity nematic fluctuations and unconven-
tional s- and d-wave Cooper pairing (12).
Extending earlier work on Fermi liquid in-

stabilities in the p-wave spin interaction channel
(13), it has recently been predicted that corre-
lated metals with strong spin-orbit couplingmay
realize a fundamentally new class of electronic
nematic phases with spontaneously broken spa-
tial inversion symmetry (14), including a quantum
analog of the unusualNT nematic phase discussed

in the context of classical bent-core liquid crystals
(15). Theoretical models have shown that parity-
breaking nematic fluctuations can induce odd-
parityp- or f-waveCooper pairing and thus provide
a route to topological superconductivity (16, 17).
In addition, because inversion symmetry-breaking
necessarily lifts the spin degeneracy of bulk energy
bands in a spin-orbit coupled system, odd-parity
nematic order offers a potential mechanism for
generating topologically protectedWeyl andnodal-
line semimetals and for designing highly tunable
charge-to-spin current conversion technologies
for spintronics applications.

The order parameter for this predicted new class
of spin-orbit–coupled parity-breaking ele-
ctronic nematic phases—so-called “multipolar”
nematics (14)—can be represented by a symmetric
traceless second-rank pseudotensorQij that is odd
under spatial inversion. This order parameter
induces a deformation and spin splitting of the
Fermi surface via the spin-orbit interaction

Hamiltonian HSO ¼
X

ij

Qijsikj , where si are

the Pauli matrices and kj is the crystal momen-
tum (14, 18). In a cubicmaterial, for example, this
order parameter can have either Eu or T2u sym-
metry. An example of a spin-polarized Fermi sur-
face distortion induced by T2umultipolar nematic
order is shown in Fig. 1A.
The correlated metallic pyrochlore Cd2Re2O7

has been proposed as a candidate for hosting
multipolar nematic order because of the strong
spin-orbit coupling of Re 5d valence electrons.
Detailed Raman scattering (19), x-ray (20, 21)
and neutron (22) diffraction, and optical second-
harmonic generation (SHG) (23) studies have
shown that at critical temperature (Tc) ~ 200 K,
thematerial undergoes a continuous phase transi-
tion froma centrosymmetric cubic structure (space
group Fd3m) to a noncentrosymmetric tetragonal
structure (space group I4m2) that breaks threefold
rotational symmetry about the 111 axis (Fig. 1, B
and C). This phase transition has traditionally
been attributed to the freezing of a soft phonon
modewithEu symmetry, dominatedby the displace-
ment of O(1) atoms (19, 24, 25). However, the ob-
servation of extremely small changes in lattice
parameters (21, 22), an anomalous temperature
dependence of superlattice Bragg peaks (20), and
a dramatic reduction in the electronic density of
states across Tc (26–29) calls this interpretation
into question and raises the possibility that a
hitherto undetected electronic order is driving the
transition.
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Fig. 1. Illustration of electronic and structural order parameters in Cd2Re2O7. (A) T2u distortion of a
spherical Fermi surface induced byaQxymultipolar nematic order parameter.The Fermi surface is split into
two nondegenerate surfaces of opposite spin texture (arrows),with the largest splitting at the equator and
zero splitting at the poles. (B) The ideal pyrochlore structure of Cd2Re2O7 viewed along the (111) axis. Only
Re (yellow tetrahedra) and O(1) (green octahedra) sublattices are shown. Dashed lines depict mirror
planes. For clarity, an enlarged view of two neighboring subunits from an alternative angle is also displayed.

(C) The effect of the Eu lattice distortion.The vertical dashed line depicts the preserved (110) mirror plane,
and arrows show the displacement directions of the O(1) atoms.
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symmetry-broken phases, but the instabilities of correlated metals with strong spin-orbit
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phase of matter in the metallic pyrochlore Cd2Re2O7 using spatially resolved second-
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phases, this multipolar phase spontaneously breaks rotational symmetry while preserving
translational invariance. However, it has the distinguishing property of being odd under
spatial inversion, which is allowed only in the presence of spin-orbit coupling. By examining
the critical behavior of the multipolar nematic order parameter, we show that it drives
the thermal phase transition near 200 kelvin in Cd2Re2O7 and induces a parity-breaking
lattice distortion as a secondary order.
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actions, the fluid of mobile electrons in a
metal can spontaneously break the point
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lattice, realizing the quantum analog of a

nematic liquid crystal (1). Like their classical
counterparts, quantumnematic phases generally
preserve spatial inversion symmetry and are there-
fore anisotropic but centrosymmetric fluids. Ex-
perimental evidence of such nematic order was
first detected in a two-dimensional (2D) GaAs/
AlGaAs quantum well interface on the basis of
a pronounced resistivity anisotropy between the
two principal directions of the underlying square
lattice (2, 3). Subsequently, similar behavior has
been reported in a number of quasi-2D square
lattice compounds, including Sr3Ru2O7 (4), URu2Si2
(5), and several families of both copper- (6, 7) and
iron-based (8–11) high-temperature superconduc-
tors, suggesting possible connections between
even-parity nematic fluctuations and unconven-
tional s- and d-wave Cooper pairing (12).
Extending earlier work on Fermi liquid in-

stabilities in the p-wave spin interaction channel
(13), it has recently been predicted that corre-
lated metals with strong spin-orbit couplingmay
realize a fundamentally new class of electronic
nematic phases with spontaneously broken spa-
tial inversion symmetry (14), including a quantum
analog of the unusualNT nematic phase discussed

in the context of classical bent-core liquid crystals
(15). Theoretical models have shown that parity-
breaking nematic fluctuations can induce odd-
parityp- or f-waveCooper pairing and thus provide
a route to topological superconductivity (16, 17).
In addition, because inversion symmetry-breaking
necessarily lifts the spin degeneracy of bulk energy
bands in a spin-orbit coupled system, odd-parity
nematic order offers a potential mechanism for
generating topologically protectedWeyl andnodal-
line semimetals and for designing highly tunable
charge-to-spin current conversion technologies
for spintronics applications.

The order parameter for this predicted new class
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ctronic nematic phases—so-called “multipolar”
nematics (14)—can be represented by a symmetric
traceless second-rank pseudotensorQij that is odd
under spatial inversion. This order parameter
induces a deformation and spin splitting of the
Fermi surface via the spin-orbit interaction

Hamiltonian HSO ¼
X
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Qijsikj , where si are

the Pauli matrices and kj is the crystal momen-
tum (14, 18). In a cubicmaterial, for example, this
order parameter can have either Eu or T2u sym-
metry. An example of a spin-polarized Fermi sur-
face distortion induced by T2umultipolar nematic
order is shown in Fig. 1A.
The correlated metallic pyrochlore Cd2Re2O7

has been proposed as a candidate for hosting
multipolar nematic order because of the strong
spin-orbit coupling of Re 5d valence electrons.
Detailed Raman scattering (19), x-ray (20, 21)
and neutron (22) diffraction, and optical second-
harmonic generation (SHG) (23) studies have
shown that at critical temperature (Tc) ~ 200 K,
thematerial undergoes a continuous phase transi-
tion froma centrosymmetric cubic structure (space
group Fd3m) to a noncentrosymmetric tetragonal
structure (space group I4m2) that breaks threefold
rotational symmetry about the 111 axis (Fig. 1, B
and C). This phase transition has traditionally
been attributed to the freezing of a soft phonon
modewithEu symmetry, dominatedby the displace-
ment of O(1) atoms (19, 24, 25). However, the ob-
servation of extremely small changes in lattice
parameters (21, 22), an anomalous temperature
dependence of superlattice Bragg peaks (20), and
a dramatic reduction in the electronic density of
states across Tc (26–29) calls this interpretation
into question and raises the possibility that a
hitherto undetected electronic order is driving the
transition.
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Fig. 1. Illustration of electronic and structural order parameters in Cd2Re2O7. (A) T2u distortion of a
spherical Fermi surface induced byaQxymultipolar nematic order parameter.The Fermi surface is split into
two nondegenerate surfaces of opposite spin texture (arrows),with the largest splitting at the equator and
zero splitting at the poles. (B) The ideal pyrochlore structure of Cd2Re2O7 viewed along the (111) axis. Only
Re (yellow tetrahedra) and O(1) (green octahedra) sublattices are shown. Dashed lines depict mirror
planes. For clarity, an enlarged view of two neighboring subunits from an alternative angle is also displayed.

(C) The effect of the Eu lattice distortion.The vertical dashed line depicts the preserved (110) mirror plane,
and arrows show the displacement directions of the O(1) atoms.
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Order Parameter of Phase II in Pyrochlore Cd2Re2O7
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2 dim Eu vs 1 dim T2u



Clustering and Interpretation

Purple: one of (H,K,L) 4n+2 , indicate I-4m2 or I-4 
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Looking inside Bragg peaks



CCNN (Correlation CNN) 
for Quanum Images
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Taken from Chiu, C. S. et al., Science 365 (6450), 2019 
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Which ansatz better describes data?

Geometric String π-flux theory with 
singlet bonds



Conventional Approach

1. Magnetization

2. Spin-spin (2site) correlation



but now: data is fmri scan, task is to determine probability of Alzheimers
We don't know how to write the program …

data

traditional cs:
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machine learning:
use training data and output to generate program,
which then generates output for test data.

testdata

computer output
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Learned Machine



Off-the-shelf CNN

1. Over-parametrization

2. A black-box



Convolution
al filter
(learned)
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Cascade Construction of Correlation 
Filters
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Regularization Path Analysis

Learned Filters – Hold 
Fixed

C 6, 56 = −6 log 56 − (1 − 6) log 1 − 56 + G.
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) |

Repeatedly re-train logistic 
regression under new loss, 
ramping down G:



Fluctuating AFM vs Random Image

Learned Filters

Labeled Training Data Regularization Path Analysis



Learned Correlations



Harnessing Data Revolution in
Quantum Matter

• CCNN (Correlation Convolution Neural Network): 
Cascaded correlation kernel detects crucial 
correlation functions in quantum matter imaging. 
arXiv:2011.03474

• X-TEC (XRD TEmperature series Clustering): Use the 
fundamental role of temperature to discover orders 
and fluctuations in reciprocal space. arXiv:2008.03275


