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Abstract: In high-TC cuprates, the presence of parallel superconducting stripes or rivers of charge
is well-established experimentally. These also act as domain walls for the antiferromagnetic order.
To readily explain the pattern of superconducting stripes near and at optimal doping levels, we
propose a novel strong pairing mechanism, devoid of Coulomb repulsion, for high-TC cuprates. This
new mechanism is based on the quantum entanglement and confinement or degree of entanglement.
Some quantum entanglement experiments with antiferromagnetic-chain links directly support our
proposed entanglement pairing mechanism. Depending on doping levels, the triplet and singlet
pairing can either exist independently, as a "lattice" of Bell basis states with unpolarized rivers of
charge for underdoped regime, or as a mixed triplet-singlet or interacting Bell basis states with
spatially alternating spin-polarized superconducting stripes of charge for overdoped range. Several
spin resolved (SR)-ARPES experiments on the complex spin texture of cuprates are qualitatively
interpreted in the light of our novel "lattice" of coupled triplet–singlet pairing leading to polarized
rivers of charge in line with experimentally-found doping-level dependence. The resulting simple
intuitive model suggests that entanglement is indeed a new strong pairing mechanism, devoid of
Coulomb repulsion, leading to high-TC superconductivity and strange metal behavior above TC .
Moreover, our model can possibly accommodate the Meissner effect, probably as superconducting
plaquettes formed by "spokes" of antiferromagnetic-chain entanglement link.

Keywords: Strong pairing mechanism; quantum entanglement; entanglement entropy; superconduct-
ing stripes; strange metal; polarized rivers of charge; phase diagram of cuprates; Meissner effec

1. Introduction
The Bardeen–Cooper–Schrieffer (BCS) theory of superconductivity in the late 1950 is an extremely

successful paradigm within which to understand conventional superconductors. The basic physics is
that the electrons collectively bind into Cooper pairs (as bosons) and simultaneously condense into
a superfluid state. The relatively weak net attractions between electrons induced by the coupling to
the excitations of the lattice structure (phonons) can bind the electrons into pairs at energies smaller
than the typical phonon energy. The consensus among theoretical physicists [1] seems to be that
boson-excitation mediated pairing of electrons is limited to around 30 K or a little above, to 39 K
by applying pressure to increase the typical phonon energies. However, this is still far below the
maximum TC of the copper oxides. In other words excitations or boson-mediated pairing, to produce
composite bosonic-charge quasiparticles that condense into superfluid state, is incapable of attaining
high-TC superconductivity.

The superconducting transition temperatures in the copper oxides, discovered in 1986, comes as a
great surprise to the physics community. The maximum TC greatly exceed those of any previously
known superconductors. In fact, for HgBaCaCuO under pressure [1], the highest TC ≃ 165K. This high
TC cannot be achieved by any boson-excitation mediated pairing mechanism of electrons. Generally,
excitation above the ground state of a system is expected in the domain of low-energy physics.
Although, several decades have passed since its discovery, no satisfactory theory has been able to
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explain the main phase diagram of high-TC copper oxides. Moreover, the stripy pattern of unidirectional
planar conduction in superconducting states, as seen in scanning tunneling spectroscopy (STS) [2,3],
appears mysterious. The origin of complex spin texture of some copper oxides obtained by more
recent spin-resolved ARPES remains heuristic or empirical [4–6]. The holy grail lies in the search for a
strong pairing mechanism, different from BCS paradigm, responsible for the high TC of the copper
oxides. The belief is that this new pairing mechanism is also responsible for the strange metal behavior
above the optimum superconducting temperature, TC.

Here, we suggest that quantum entanglement and confinement (i.e., coupling strength increasing
linearly with distance between pairs) present a new pairing mechanism, devoid of Coulomb repulsion,
for strong coupling leading to high TC superconductivity. This is essentially characterized by the
’stripy’ pattern of superconductive regions, or rivers of charge [2,3,7–13] near and at optimal doping
levels. These rivers of charge also acts as domain walls for the antiferromagnetic order [14–16].

2. Entanglement as a Strong Pairing Mechanism
In preparation for employing the concept of quantum entanglement and confinement (or degree

of entanglement) in proposing a new strong pairing mechanism for high-TC cuprates, first we give
some perspective and introduce a physical realization [17,18] of entanglement. The intention is to
make similar considerations leading to the new pairing mechanism occurring in antiferromagnetic
cuprates. This physical implementation of entanglement is schematically shown in Figure 1
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FIG. 1. Schematic diagram of the physical implementation of triplet (left) and singlet (right)

entanglement. By construction, each diagram is viewed as a two-state system, respectively. The

actual physical implementation of the chain of inverters may need frictionless male/female sliding

tube coupling for large-angle swing, but this is beside the point. We assume a rigid coupling model

for simultaneity of events at both ends irrespective of distance. More realistically, the intuitive

diagram of entangled qubits imply more stable (larger entanglement entropy of formation) for

longer chain than shorter chain (see Fig 3). This defines our confinement mechanism.

Mathematically, the inverter-chain link model of entanglement may be formulated as a

series of σx operations, represented by physical inverters or see-saws. Assume at first that

there are two locally-entangled qubits A and B in either singlet or triplet state [19], with

singlet joined with one see-saw (σx) or triplet joined by two see-saw’s (σx ⊗ σx). Then using
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Figure 1. Schematic diagram of the physical implementation of triplet (left) and singlet (right) entanglement. By
construction, each diagram is viewed as a two-state system, respectively. The actual physical implementation of
the chain of inverters may need frictionless male/female sliding tube coupling for large-angle swing, but this
is beside the point. We assume a rigid coupling model for simultaneity of events at both ends irrespective of
distance. More realistically, the intuitive diagram of entangled qubits imply more stable (larger entanglement
entropy of formation) for longer chain than shorter chain (see Fig 3). This defines our confinement mechanism.

Mathematically, the inverter-chain link model of entanglement may be formulated as a series of
σx operations, represented by physical inverters or see-saws. Assume at first that there are two locally-
entangled qubits A and B in either singlet or triplet state [19], with singlet joined with one see-saw (σx)
or triplet joined by two see-saw’s (σx ⊗ σx). Then using the unitary single-qubit operation, σx, on one
of the two qubits will result in an additional extension of a inverter-chain-linked entangled two qubits,
either Φ+ or Ψ+, depending on the initial singlet or triplet state. Using a series of σx operations will
then yield a physically longer inverter-chain link between the two entangled qubits. A series of odd
number of σx operations will result in eventual inversion of one of the qubit, whereas an even number
of σx operations is equivalent to an identify operation of one of the qubit, although the inverter-chain
link is always extended by one see-saw with each σx operation. In fact, the transformation function
between the Φ or Ψ Bell basis states is the Pauli inversion matrix operator σx. Remarkably, a segment
of antiferromagnetic chain is a realistic configuration of the above physical model of Figure 1.
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We can see that in realistic system, friction cannot be avoided, the length of the antiferromagnetic
chain between coupled pair of spin determines the amount of coupling energy between the pair. Thus,
by increasing the length of the antiferromagnetic chain between coupled pair of spin, the coupling
energy also increases or the system becomes more stable compared to shorter link. This situation helps
define confinement, i.e., the strength of interaction increases linearly with distance (akin to strong force
in quantum chromodynamics, mediated by gluons, which increases with distance). In other words,
longer antiferromagnetic chain pairing is more stable than shorter chain. Moreover, as we shall see
later, the entanglement entropy of formation is larger for longer chain mediated pairing than for shorter
chain pairing. This also defines weak and strong interaction between pairs of doped holes. If one
considers the whole system, namely the two paired charges connected by antiferromagnetic chain, we
basically have an extended boson system. However, there must be an optimum chain length, or strength
of pairing, to create a pattern or "lattice" of entangled pairs by symmetry considerations. This is seen
experimentally by scanning tunneling spectroscopy (STS), for example, in cuprates [2,7].

3. Monogamous Entanglement Versus Multi-Qubit Entanglement
We continue our treatment of our physical realization of quantum mechanical entanglement.

Figure 2 shows that multi-qubit entanglement has the same entanglement entropy of formation [20,21]
as that of a corresponding number of monogamous qubit entanglement or entanglement in pairs.
In cuprates, the monogamous doping atoms entanglement is probably more favored in nature, i.e.,
nature favors monogamy, in the absence of any external fields besides the unidirectional electric fields.
The entanglement entropy of formation of monogamous or doping pair in cuprates is thought to be
more favorable considering its antiferromagnetic lattice structure and one-dimensionality of charge
conduction under electric fields. However, under the influence of external magnetic fields, the LHS of
Figure 2 may become a more favorable configuration to produce circular currents or current-carrying
plaquettes.
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FIG. 2. Multi-qubit has the same entanglement entropy of formation as a corresponding total

number of monogamous or pair entanglement. It maybe that pair entanglement is more ubiquitous

in nature than multi-qubit entanglement. The diagrammatic analysis the right-hand side of the

figure yields 1 + 1 + 1...+ 1 = 17 qubits as the entanglement entropy of formation, being the sum

of 17 two-qubit entanglements entropy of formation. There are 18 multi-party entangled qubits in

the left-hand side.

A. Entanglement entropy of formation for a 1D chain versus monogamy

Here we extend the concept of entanglement and confinement pertinent to our proposed

new pairing mechanism in cuprates. In Fig. 3 is shown that the entanglement of formation

of a longer chain is larger than the entanglement of formation of a shorter chain. This is the

spirit of the concept of confinement employed in this paper.
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Figure 2. Multi-qubit has the same entanglement entropy of formation as a corresponding total number of monog-
amous or pair entanglement. It maybe that pair entanglement is more ubiquitous in nature than multi-qubit
entanglement. The diagrammatic analysis the right-hand side of the figure yields 1 + 1 + 1... + 1 = 17 qubits as
the entanglement entropy of formation, being the sum of 17 two-qubit entanglements entropy of formation. There
are 18 multi-party entangled qubits in the left-hand side.

3.1. Entanglement entropy of formation for a 1D chain versus monogamy

Here we extend the concept of entanglement and confinement pertinent to our proposed new
pairing mechanism in cuprates. In Figure 3 is shown that the entanglement of formation of a longer
chain is larger than the entanglement of formation of a shorter chain. This is the spirit of the concept of
confinement employed in this paper.
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FIG. 3. Schematic diagram showing the equation for the entanglement entropy of formation be-

tween an antiferromagentic chain and monogamous entanglements. This is the spirit of the con-

finement concept discussed in the text.

IV. REALIZATION IN HIGH-TC CUPRATES

In this section, we discuss how the ideas put forth in previous section are realized in

high-TC cuprates. Figure 4 is thought to realize the principle of Fig. 2 in realistic antiferro-

magnetic cuprate environment. The lines represents the ferromagnetic ordered chains, while

the ’blob’ is our representation of renormalized hole [2, 22–26]. In Fig. 4, the LHS of the

equality, representing multiparticle entanglement, is less favored than the RHS equivalent

arrangement having the same entanglement entropy of formation, following the discussion of

Fig. 2. In condensed phase, the results is a pattern of noninteracting entanglement pairings

leading to ’rivers’ of charge. This is schematically depicted in Fig. 5.

In Fig. 5, the formation of river of charge and periodic arrangement of alternate Φ and

Ψ entangled hole pair segments are strongly suggested. In condensed phase, these entangled

pairs are all degenerate. The uncoupled Φ and Ψ Bell basis states are thought to be the

dominant contribution in the underdoped region of cuprates, as discussed below. This view

agrees with some results of the SR-ARPES experiments.
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Figure 3. Schematic diagram showing the equation for the entanglement entropy of formation between an
antiferromagentic chain and monogamous entanglements. This is the spirit of the confinement concept discussed
in the text.

4. Realization in High-TC Cuprates
In this section, we discuss how the ideas put forth in previous section are realized in high-

TC cuprates. Figure 4 is thought to realize the principle of Figure 2 in realistic antiferromagnetic
cuprate environment. The lines represents the ferromagnetic ordered chains, while the ’blob’ is our
representation of renormalized hole [2,22–26]. In Figure 4, the LHS of the equality, representing
multiparticle entanglement, is less favored than the RHS equivalent arrangement having the same
entanglement entropy of formation, following the discussion of Figure 2. In condensed phase, the
results is a pattern of noninteracting entanglement pairings leading to ’rivers’ of charge. This is
schematically depicted in Figure 5.

FIG. 4. Possible entanglement configuration in hole-doped antiferromagnetic cuprates. Although,

the left and right side of the equality sign have equal entanglement entropy of formation, the right-

hand-side is favored in hole-doped cuprates resulting in unidirectional planar transport as seen in

all experiments.

FIG. 5. The ideas of previous section applied to high-TC cuprates. In condensed phase, the

corresponding Bell basis states can be defined as shown. These two sections of entangled hole

pairs, namely, the Φ section and the Ψ section are speculated to arrange into alternate sections,

periodic ”lattice” in x- and y- directions to form condensed pattern of entangled pair and rivers of

charge at their ends. The hole ”blob’ accounts for the complex dressing of the holes in response to

the coupling with the antiferromagnetic background [22–26].

V. EXPERIMENTS RELEVANT TO PROPOSED PAIRING MECHANISM

Here we mention some experimental works that validates the proposed entanglement

pairing as the new mechanism in cuprates via antiferromagnetic entanglement links.
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Figure 4. Possible entanglement configuration in hole-doped antiferromagnetic cuprates. Although, the left and
right side of the equality sign have equal entanglement entropy of formation, the right-hand-side is favored in
hole-doped cuprates resulting in unidirectional planar transport as seen in all experiments.
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Figure 5. The ideas of previous section applied to high-TC cuprates. In condensed phase, the corresponding
Bell basis states can be defined as shown. These two sections of entangled hole pairs, namely, the Φ section and
the Ψ section are speculated to arrange into alternate sections, periodic "lattice" in x- and y- directions to form
condensed pattern of entangled pair and rivers of charge at their ends. The hole "blob’ accounts for the complex
dressing of the holes in response to the coupling with the antiferromagnetic background [22–26].

In Figure 5, the formation of river of charge and periodic arrangement of alternate Φ and Ψ
entangled hole pair segments are strongly suggested. In condensed phase, these entangled pairs are
all degenerate. The uncoupled Φ and Ψ Bell basis states are thought to be the dominant contribution
in the underdoped region of cuprates, as discussed below. This view agrees with some results of the
SR-ARPES experiments.

5. Experiments Relevant to Proposed Pairing Mechanism
Here we mention some experimental works that validates the proposed entanglement pairing as

the new mechanism in cuprates via antiferromagnetic entanglement links.

5.1. Experiments on Antiferromagnetic Entanglement Link Between Spins

The low-temperature magnetization and specific heat studies by Bayat [27], Sahling [28], and
Sivkov [29] on antiferromagnetic entanglement link between spins are directly relevant to our proposed
entanglement pairing mechanism, and thus lending strong experimental support. The readers are
referred to these references dealing with long-distance antiferromagnetic-chain entanglement link in
solid state systems for more details [27–29].

6. Experiments Relevant to Spin Dynamics of the Entanglement Mechanism
Here we mention some experimental works that bears on the spin-pairing structure of cuprates.

The findings on the dependence on the doping level clearly signifies the dominant role of the entangle-
ment of dopants, as independent Bell states or series of mixed (coupled) long chain of triplet-singlet
entangled pairs, depending on the dopant level and doping material in the antiferromagnetic environ-
ment.

6.1. Doping Dependence of Spin Texture in High-Tc Cuprates

Spin-resolved ARPES spectra on the spin texture of Bi2Sr2CuO6+x (Bi2212) and Pb doped,
Bi2−xPbx)Sr2CaCu2O8+x (Pb-Bi2212) has been performed, essentiallyby Gotlieb, et al [4], by Iwa-
sawa, et al [5] and by Lou, et al [6]. Iwasawa, et al have raised some of the difficulties in SR-ARPES
experiments and emphasized that due to the complexity of the spin texture reported by Gotlieb, et
al, the origin of the spin polarization in high-Tc cuprates remains unclear. Indeed, Iwasawa, et al
SR-ARPES results [5] differ from Gotlieb, et al [4]. Here we sense some reproducibility issue perhaps
due to the complex dynamical origin of the spin texture which we will discuss below.
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6.2. Single-Layer Bi2Sr2CuO6+x

The more recent paper by Lou, et la [6] made interesting observations. Two main trends are
observed in their data: (1) the first is a decrease of the spin polarization from overdoped to underdoped
samples for both coherent and incoherent quasiparticles; (2) the second is the shift of spin polarization
from positive to negative as a function of momentum.

The present concensus is that what drives the spin texture in high-temperature cuprate supercon-
ductors is the local structural fluctuations. In line with local symmetry breaking view proposed in Ref.
[6], we associate the pattern of entanglement schematically shown in Figure 6

to underdoped samples for both coherent and incoherent quasiparticles; (2) the second is

the shift of spin polarization from positive to negative as a function of momentum.

The present concensus is that what drives the spin texture in high-temperature cuprate

superconductors is the local structural fluctuations. In line with local symmetry breaking

view proposed in Ref. [6], we associate the pattern of entanglement schematically shown in

Fig.6

FIG. 6. Mixed or interacting triplet and singlet entanglement giving polarized SR-ARPES results

is deemed due to surface distortion in over-doped region.

C. Suppression of spin polarization in Pb-doped (Bi2−xPbx)Sr2CaCu2O8+x

A striking reduction of the spin polarization is observed in the coherent part of the spectra

for the Pb-doped sample, with respect to Bi2212, with the imbalance of the spin-up and

spin-down intensities completely diminished [30]. In the absence of or much reduced local

symmetry breaking for Pb-doped (Bi2−xPbx)Sr2CaCu2O8+x[6], we figure that the condensed

phase of this boson system of degenerate states defines a pattern schematically depicted in

Fig.5.
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Figure 6. Mixed or interacting triplet and singlet entanglement giving polarized SR-ARPES results is deemed due
to surface distortion in over-doped region.

6.3. Suppression of Spin Polarization in Pb-Doped (Bi2−xPbx)Sr2CaCu2O8+x

A striking reduction of the spin polarization is observed in the coherent part of the spectra for the
Pb-doped sample, with respect to Bi2212, with the imbalance of the spin-up and spin-down intensities
completely diminished [30]. In the absence of or much reduced local symmetry breaking for Pb-doped
(Bi2−xPbx)Sr2CaCu2O8+x[6], we figure that the condensed phase of this boson system of degenerate
states defines a pattern schematically depicted in Figure 5.

FIG. 7. Schematic diagram of the out-of plane incommensurate distortion in over-doped Bi2212

and over-doped Pb-Bi2212 . The is much less distortion for the over-doped Pb-Bi2212 [Reproduced

from Ref. [30]]

VII. STRANGE METAL AND OVERDOPED CUPRATES

Above TC , the entangled pairs are no longer degenerate. The resistivity is linear at low

temperature by virtue of the fact that entanglement allows for larger charge flow (hole flow

at both ends of antiferromagnetic segments) in parallel of charge 2e since entanglement is

still intact above TC) compared to conventional metals for similar mean free path between

scattering events. This complex scattering of extended entangled pairs will result in lower

linear resistance at low temperature just above TC and higher linear resistance at higher

temperatures compared to conventional metals [31].

A. Overdoped region

In the over-doped regions, the weaken coupling brought by shorter intermediate antiferromagnetic-

order link (weaker confinement or entanglement entropy of formation) between entangled

holes, statistically brought about by the increasing population of holes, will on the average

start to dominate so that superconductivity start to set in at lower temperatures than the

optimal point. This decrease in TC will continue with further increase in doping levels,

until a fermi liquid sets in and the system eventually behaves as conventional paramagnetic

conductors.
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Figure 7. Schematic diagram of the out-of plane incommensurate distortion in over-doped Bi2212 and over-doped
Pb-Bi2212 . The is much less distortion for the over-doped Pb-Bi2212 [Reproduced from Ref. [30]]

7. Strange Metal and Overdoped Cuprates
Above TC, the entangled pairs are no longer degenerate. The resistivity is linear at low temperature

by virtue of the fact that entanglement allows for larger charge flow (hole flow at both ends of
antiferromagnetic segments) in parallel of charge 2e since entanglement is still intact above TC)
compared to conventional metals for similar mean free path between scattering events. This complex
scattering of extended entangled pairs will result in lower linear resistance at low temperature just
above TC and higher linear resistance at higher temperatures compared to conventional metals [31].
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7.1. Overdoped Region

In the over-doped regions, the weaken coupling brought by shorter intermediate antiferromagnetic-
order link (weaker confinement or entanglement entropy of formation) between entangled holes,
statistically brought about by the increasing population of holes, will on the average start to dominate
so that superconductivity start to set in at lower temperatures than the optimal point. This decrease
in TC will continue with further increase in doping levels, until a fermi liquid sets in and the system
eventually behaves as conventional paramagnetic conductors.

8. Pseudo-Gap and Underdoped Region
The pseudo gap is probably a manifestation of the motion of single hole, i.e., dilute doping, in

antiferromagnetic domain [32–34]. Increase in doping levels would benefits from conventional BCS
pairing through several excitation mechanisms, such magnons and so on. This results in gradual
increase of TC with the developing contribution of entangled pair of holes (i.e., contribution of strong
entanglement pairing). At optimal doping the main contribution comes from the condensed pattern of
entangled holes as depicted in Figure 5.

9. Concluding Remarks
The concept of entanglement in strongly correlated system has been hinted before [35–37]. The

main point of this paper is that entanglement in the sense depicted in Figures 5 and 6 in condensed
phase (simulating the frictionless system of Figure 1) can readily explain the stripy pattern of conduction
characterized by the configuration of holes between antiferromagnetic order in high-TC cuprates. It is
also make sense that the periodicity of the Φ and Ψ independent sections of the pattern obey apparent
periodicity. The rivers of superconductive charge is a natural consequence of our model. The idea of
confinement also help to elucidate the decrease of TC with over doping. We believe our model is a
good representation of the phase diagram from optimal doping to over doping, eventually resulting
in fermi liquid and paramagnetic behavior of conventional metals. The entanglement also predict
a lower resistivity at low temperature just above TC in contrast with conventional metals, i.e., the
linear resistivity at lower temperature just above TC for strange metal, by virtue of strongly-coupled
entangled pairs as the more effective conduction carriers that are subjected to mean-free path between
scatterings. However, at much larger temperatures, our model can have much larger resistance than
conventional metals.

9.1. Explanation of Spin Texture in SR-ARPES Experiments

Let us now discuss Lou, et la [6] experimental observations.

1. The decrease of the spin polarization from overdoped to underdoped samples for both coherent
and incoherent quasiparticles. It appears that for overdoped samples, the mixed triplet-singlet
entanglement pairing behave in the manner depicted in Figure 6, resulting in polarized river
of charge, whereas in the underdoped samples these entanglement pairing are independent as
shown in Figure 5 with unpolarized river of charge;

2. The shift of spin polarization from positive to negative as a function of momentum. Iwasawa
group [5] raise some reproducibility issue of the SR-ARPES results with those of Gotlieb [4] group,
perhaps due to the complex dynamical origin of the spin texture induced by the doping as shown
in Figures 5 and 6.

The present consensus is that local structural fluctuations drive the spin texture in high-
temperature cuprate superconductors. In line with local symmetry breaking view proposed in Ref. [6],
we associate the pattern schematically shown in Figure 6, showing the mixed up of the triplet-singlet
entanglement pair with resulting spin dynamics, as the origin of the doping-dependent complex spin
texture found in SR-ARPES experiments for overdoped region.
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However, in the underdoped region the decrease in the polarization maybe due to the formation
of independent or noninteracting and periodic arrangement of alternate Φ and Ψ entangled hole pairs
where the rivers of charge are unpolarized.

A striking reduction of the spin polarization or spin texture for the Pb-doped sample, with respect
to Bi2212 [30] is due to onset of periodic arrangement of alternate Φ and Ψ entangled hole pairs where
the rivers of charge are not polarized, Figure 5 . This is consistent with the consensus that the source of
spin texture is due to local structural fluctuations inducing the mixed entanglement pairing depicted
in Figure 6

9.2. Effect of Magnetic Field and Meissner Effect

The equality of the entanglement entropy of formation between multi-qubit and monogamy allows
for the flexibility of conduction directions in our model under the influence of external fields. It is
conceivable that in the presence of the external magnetic field, an effective ’multi-qubit’ entanglement
allows for the configuration phase of a circular charge or plaquette conduction channel similar to that
depicted in Figure 2. This will then induce the observable Meissner effect in superconductivity.

9.3. Impact on Nonequilibrium Superconductivity Theory

There is still the task of faithfully incorporating the correct expression for the entanglement pairing
potential, ∆, indicated in Figures 5 and 6, into the most general nonequilibrium quantum transport
physics of superconductivity [38,39]. Clearly, ∆ will be a spatially modulated, nonlocal in phase space
to account for changes in hole doping levels and spin dynamics. This will be an interesting research
topic which has the potential to reveal much deeper fundamental physics of quantum materials.
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