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Upon doping, Mott insulators often exhibit symmetry breaking where charge carriers and
their spins organize into patterns known as stripes. For high—transition temperature
cuprate superconductors, stripes are widely suspected to exist in a fluctuating form. We
used numerically exact determinant quantum Monte Carlo calculations to demonstrate
dynamical stripe correlations in the three-band Hubbard model, which represents the
local electronic structure of the copper-oxygen plane. Our results, which are robust to
varying parameters, cluster size, and boundary conditions, support the interpretation
of experimental observations such as the hourglass magnetic dispersion and the Yamada
plot of incommensurability versus doping in terms of the physics of fluctuating stripes.
These findings provide a different perspective on the intertwined orders emerging from the

cuprates’ normal state.

ecent experiments have established charge

stripes as universal in underdoped cuprate

superconductors (7, 2). In contrast, no con-

sensus exists regarding the universality of

spin stripes, which are present and inti-
mately tied to charge stripes in many doped Mott
insulators (I, 3-5) but are absent, at least in the
static long-range form, in the majority of cup-
rates. Whether spin stripes exist in a more subtle
fluctuating form in these cuprates remains an
open and controversial question, of importance
because of theoretical proposals suggesting a link
between fluctuating stripes and the mechanism
of high-T, superconductivity (6-10). The evidence
for fluctuating spin stripes in the cuprates has
revolved around ubiquitous observations of an
hourglass-shaped magnetic excitation spectrum
(11, 12). Tts presence both in compounds that ex-
hibit static stripe order (73) and in those that do
not (74, 15) finds a natural explanation in the con-
cept of fluctuating stripes (9, 16). However, alter-
native interpretations based on itinerant electrons
exist (17), and conclusive experimental evidence for
fluctuating stripes remains elusive. Characteriz-
ing the nature of stripes in microscopic models

'Department of Physics, Stanford University, Stanford, CA
94305, USA. *Stanford Institute for Materials and Energy
Sciences, SLAC National Accelerator Laboratory and
Stanford University, Menlo Park, CA 94025, USA.
3Department of Physics and Astronomy, University of
Tennessee, Knoxville, TN 37996, USA. “Joint Institute for
Advanced Materials, University of Tennessee, Knoxville, TN
37996, USA. °Department of Physics and Astrophysics,
University of North Dakota, Grand Forks, ND 58202, USA.
5Geballe Laboratory for Advanced Materials, Stanford
University, Stanford, CA 94305, USA.

*Corresponding author. Email: edwinwhuang@gmail.com (E.W.H.);
tpd@stanford.edu (T.P.D.)

Huang et al., Science 358, 1161-1164 (2017)

provides an important alternative lens for inves-
tigating the physics of stripes in the cuprates.

Early mean-field studies of the Hubbard model
(18, 19) have revealed some essential attributes of
stripes: a propensity for doped holes to aggregate
into lines of charge that correspond to antiphase
boundaries of antiferromagnetic domains. Since
then, more sophisticated methods also have sub-
stantiated the presence of charge and spin stripes
in the ground state of the Hubbard model (20-23),
including recent tensor network studies indicat-
ing that charge stripes and uniform superconduct-
ing states have very close ground-state energies
(24). These efforts have investigated only ground-
state properties; stripe phenomena in the dis-
ordered phase and the role of thermal fluctuations
have received less attention. Furthermore, existing
numerically exact finite-temperature calculations
of the doped Hubbard model show only short-
range antiferromagnetism and no sign of incom-
mensurate spin or charge ordering (25). However,
these studies are limited by cluster sizes smaller
than the expected stripe periodicity. Here, we used
numerically exact determinant quantum Monte
Carlo (DQMC) simulations on substantially larger
rectangular clusters than those used in previous
studies. The horizontal dimensions are large
enough to support multiple stripe domains, miti-
gating boundary effects that may frustrate striped
correlations; the total system size is kept suffi-
ciently small to be computationally tractable and
to avoid an unmanageable sign problem (26). Com-
paring our results with density matrix renormal-
ization group (DMRG) simulations on identical
systems allowed us to connect zero- and finite-
temperature results to fully characterize the pres-
ence of stripes.
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We chose a three-band Hubbard model of a
Cu-O plane, defined by the Hamiltonian

H= Z ty (czccj_c +he)— “Z Nio +
1,6

g,o

Apa Y Mpo+ Y Umigny, ey
p.c i

where the hopping integral ¢; for the bond (%)
between orbitals ¢ and j is +¢,,4 for nearest-
neighbor copper-oxygen bonds and =+t,,, for next-
nearest-neighbor oxygen-oxygen bonds. The
chemical potential u controls the overall doping,
and the charge transfer energy A,,; introduces
a site energy on oxygen orbitals p. The local
Coulomb interaction U; on orbital 7 is U, for
copper orbitals and U, for oxygen orbitals. We
used the parameters U; = 6 eV, U, = 0, {,q =
113 eV, t,, = 049 eV, and A,; = 3 eV. The
DQMC simulation temperature was set to 7' =
1/12 eV = 970 K; lower temperatures led to a
prohibitively severe sign problem. See (27) for
details, including an exploration of a range of
parameters consistent with those found in the
literature that yield good agreement with ex-
periments (28).

Figure 1 presents the real-space, equal-time spin
correlation function from our finite-temperature
DQMC simulations, defined as S, j) = (S.(1)
S.(§)), where S,(i) = (n3; - n;,)/2 is the 2 com-
ponent of the spin on the copper orbital of unit
cell i. Correlations equivalent by the translational
symmetry of the periodic cluster are averaged and
plotted as S(r) = (1/N)Z;;.+SA, §), where N = 64
is the number of unit cells in the 16 x 4 cluster.
In the undoped state with one hole per unit cell
(Fig. 1A), as in prior studies, copper spin corre-
lations are dominated by commensurate antifer-
romagnetism, evident through the checkerboard
pattern in the spin correlation function or equiv-
alently the uniform phase of the staggered spin
correlation function $*(r) = (-1)**"*S(r). At a
hole doping of p = 0.042 (Fig. 1B), where the
doped holes predominantly reside on oxygen or-
bitals, antiferromagnetism persists but with de-
creased correlation length. Further doping reveals
copper spin correlations that do not simply decay
but exhibit periodic phase inversions. This can be
seen in the pattern of the staggered spin corre-
lation functions of Fig. 1B, where regions of uni-
form signs are separated by distinct antiphase
domain walls. The presence of such domain walls
is a definitive signature of stripe ordering, and
their periodicity of approximately (2p) " agrees with
results from previous work (23) and presents a
direct confirmation of stripe behavior in the dis-
ordered phase. To illustrate the stripes’ fluctuat-
ing nature, we performed a direct comparison
between DQMC and ground-state DMRG sim-
ulations with identical model parameters and
cluster geometry.

For the comparison, we used a cluster with
periodic boundaries in the four-unit cell vertical
direction and open boundaries in the horizontal
direction to break horizontal translational sym-
metry and potentially pin any stripe ordering.
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Figure 2A shows the staggered copper spin cor-
relation function S*(i,j) = (—1)* """ 7S(ij)
calculated by DMRG for a hole doping of p = 0.125.
Here, antiphase domains with periodicity sim-
ilar to that in the p = 0.125 panel of Fig. 1B are
present. By varying the reference point of the
correlation function, it is clear that the locations
of the phase inversions are pinned by the open
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Fig. 1. Stripes in the three-band Hubbard
model at T = 1/12 eV. Shown are various
correlation functions for copper orbitals
obtained by DQMC calculations on a 16 x 4
cluster with fully periodic boundaries at a
temperature of T = 1/12 eV. Small yellow dots
indicate positions of oxygen orbitals in the
cluster. (A) Undoped case. Top: Spin correlation
function S(r). Bottom: Staggered spin correla-
tion function S*(r) (sign of the correlation
function inverted on every other lattice vector).
(B) Staggered spin correlation functions for a

boundaries, corresponding to a picture of static
stripes. We note that for some reference points,
the nearest domain walls are sometimes shifted
by one unit cell with respect to those seen for
other reference points, owing to contributions
from short-ranged antiferromagnetic correla-
tions; however, the pinned locations of the
domain walls are immediately clear by com-
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range of hole doping. Dashed green lines indicate approximate locations of antiphase domain walls.
All correlations are nonzero by at least two standard errors (typically 4 x 107°).
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Fig. 2. Comparison of static stripes (T = 0) and fluctuating stripes (T = 1/12 eV). (A and B)
Staggered spin correlation function S*(i, j) for copper orbitals from a DMRG simulation (A) and a DQMC
simulation (B). Both simulations were run with identical model parameters in a 16 x 4 cluster with
open left and right boundaries and periodic vertical boundaries, at p = 0.125 hole doping. Open
boundaries are terminated by oxygen orbitals, as in (23). Boxes indicate reference points i, which
are inequivalent owing to the broken translational symmetry; axes denote site j. Colors, dashed
lines, and yellow dots are as in Fig. 1. Correlations are averaged over points equivalent by symmetry.
In (B), correlations showing a plus or minus sign are nonzero by at least two standard errors

(typically 5 x 107°).
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paring with the panels for the other reference
points.

This behavior stands in sharp contrast to the
results from our finite-temperature DQMC sim-
ulations with the same open boundary conditions
and model parameters (Fig. 2B). In every panel of
Fig. 2B, the structure and periodicity of the do-
main walls relative to the reference point are
nearly identical to what is seen in the periodic
boundary result of Fig. 1B. This qualitative de-
parture from the ground-state behavior seen in
the DMRG simulations demonstrates that at suf-
ficiently high temperature, stripes are delocalized
and fluctuating rather than pinned by the open
boundaries. For the temperature of the DQMC
simulation, a lack of static long-range stripes (as
in the DMRG results) is not surprising. Seeing
vestigial signatures of the ordered phase in Figs. 1B
and 2B is far less expected and provides compel-
ling evidence for the widespread nature of
fluctuating stripes in the three-band model.

The elevated temperatures where stripe corre-
lations are seen imply surprisingly strong stripe
correlations over a broad doping range. As shown
in (27), stripe order is robust to different choices
of Hubbard model parameters (figs. S1 and S2).
Moreover, stripe order persists for larger rectan-
gular clusters (figs. S3 and S4), and additional
stripes begin to develop as the transverse dimen-
sion increases (8 x 8 and 10 x 10; fig. S5). This is
consistent with DMRG results showing strong
stripe tendencies for larger cluster sizes (20, 21),
indicating that our observations are not artifacts
of our choice of cluster geometry. The fact that
the DMRG and DQMC results are consistent with
each other corroborates the usefulness of both
methods and confirms the robustness of the mea-
sured stripe phenomena.

To draw a closer connection to experimental
results, we calculated the dynamical spin struc-
ture factor S(Q, ») by analytically continuing our
DQMC data using the maximum entropy method,
which is regarded as a standard procedure for
extracting real-frequency spectra from imaginary-
time data (29). Figure 3 displays the calculated
spectra along a horizontal cut through the anti-
ferromagnetic ordering wave vector (rt, ), in units
where the lattice constant a = 1. We first consider
the undoped spectra (Fig. 3A) as a reference.
Despite the broadening effects of the temper-
ature (T =1/12 eV = 1/4.J) and finite cluster size,
the structure factor exhibits a clear intensity peak
and minimum in dispersion at (r, ), as expected
in linear spin wave theory for antiferromagnets.
Upon hole doping (Fig. 3, B to F), although the
high-energy portions are unaffected, the soft ex-
citations at and nearest to (n, ) lose spectral
weight while hardening, corresponding to the
increase in the singlet-triplet gap and the de-
struction of antiferromagnetic ordering. In the
intermediate region, at wave vectors with in-
commensurability corresponding to the real-
space periodicity in Fig. 1B, a qualitatively distinct
behavior emerges. In particular, at Q = (3n/4, 1)
and Q = (5n/4, m) (corresponding to period-4
antiphase domain walls), systematically tracking
the evolution of the structure factor with doping
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Fig. 3. Magnetic excitations around (r, ). (A to F) Dynamical spin
structure factor S(Q, ») along Q, = =, calculated by MaxEnt analytic
continuation (28) of DQMC data at various levels of hole doping. The
exchange energy (33) is J = 4t*,a(Uqg + Apa)/(UaA®,4) = 0.36 eV for our
parameters. Cluster geometry is 16 x 4 with periodic boundaries,
corresponding to a momentum resolution of ©/8 in the horizontal direction.
Spline interpolation is applied to approximate spectra at interlying wave
vectors. Green lines represent EDC (energy distribution curve) centers,
determined via Lorentzian fits, with dots at noninterpolated wave vectors. (G)
Superimposed EDC centers. Dot diameter represents integrated spectral
weight of each EDC. Inset: EDC centers for Q = (3rn/4, &) with hole doping
on the x axis.
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Fig. 4. Comparisons against experimental results. (A) Dynamical

spin structure factor S(Q, w) (color plot) and EDC centers (green line)
along Q, = = for 0.125 hole doping, as in Fig. 3D. Yellow lines represent
centers of double Gaussian fits to MDCs. Dots show inelastic neutron
scattering data from (11, 13, 15, 34). The Cu-O plane hole doping is

p = 0.16 for optimally doped Bi,Sr,CaCu,0g.y [BSCCO (15)], p = 0.1 for
YBaZCu305.5 [YBCO (34)], and p= 0.125 for La1,8758a0}1250u04

[LBCO (13)]. (B) Plot of S(Q, = 0O) for different dopings, with slight
offsets for clarity. (C) Low-energy spin incommensurability £ versus hole
doping p. In units where a = 1, ¢ is the separation of low-energy peaks

in S(Q, ) from Q = (x, =), divided by 2r. Dashed lines show € = p

and e = p/2, corresponding to incommensurabilities of half-filled
stripes (20) and filled stripes (18), respectively. Data for YBCO (35-37),
LCO (38, 39), LSCO (30, 40-44), Zn-LSCO (45, 46), and LNSCO

(1, 47, 48) are plotted with estimates of incommensurability

from the DQMC data. The calculation of the real-space estimate is
based on half the inverse of the antiphase domain walls’ periodicity in
Fig. 1B. The momentum-space estimate is obtained by double Gaussian
fits to MDCs in (B). Neither method shows incommensurability

for p = 0.042.

in Fig. 3G reveals that until roughly 0.125 hole
doping, the spectral weight is maintained while
the excitations soften. As the low-energy intensity
peak originally at (&, ©) continues to bifurcate,
further doping beyond 0.125 results in harden-
ing and loss of spectral weight at Q = (3n/4, ©)
and Q = (5nt/4, n).

This nonmonotonic behavior motivates a com-
parison to the universal hourglass spectrum seen
in inelastic neutron scattering. In Fig. 4A, we plot
the center positions of momentum distribution
curve (MDC) fits (27) to our calculated structure

Huang et al., Science 358, 1161-1164 (2017)

factor for 0.125 hole doping together with experi-
mental data from three compounds, similarly
derived from MDC fits but taken at lower tem-
peratures (typically 10 K). The high-energy exci-
tations at o > 0.6 J show good agreement with
the neutron scattering data. For lower energies,
our MDC fits do not resolve the neck of the
hourglass; this is to be expected given the high
temperature and limited momentum resolution
of the DQMC simulation. The energy distribution
curve (EDC) fits, however, correctly resolve the
collection of spectral intensity around o = 0.5 J.

1 December 2017

With this in mind, the low-energy incommen-
surability agrees reasonably well with the ex-
perimental results. Furthermore, the doping
dependence of the incommensurability € [defined
as the separation of the o = 0 peaks in Fig. 4B
from Q = (r, ©), divided by 2x] follows a trend
similar to the points of the Yamada plot (12, 30)
(Fig. 4C). The correspondence with well-established
experimental results implies that the three-band
Hubbard model may be capable of capturing
the microscopic features necessary to understand
essential collective properties of the cuprates.
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The idea that thermal and quantum fluctua-
tions cause static stripes to melt into a fluctuat-
ing state with dynamic correlations has often
been discussed theoretically (6, 9, 16), but the
experimental evidence remains sparse and sel-
dom direct (31). Our state-of-the-art numerical
calculations have shown that in the disordered
phase, stripes maintain their characteristic anti-
phase behavior and periodicity in a fluctuating
form, while being robust to variations in param-
eters, cluster size, and boundary condition. The
fluctuating stripe order observed up to such high
temperatures is a strong piece of corroborating
evidence that these phenomena are strong enough
to affect all electronic properties in the phase dia-
gram. In particular, they may have a bearing on the
controversy in previous studies (24) over the true
ground state of microscopic models for cuprates; a
benchmark of dynamical properties determined
numerically is highly desired to go beyond com-
parisons of solely static properties (32).
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Numerics converging on stripes

The Hubbard model (HM) describes the behavior of interacting particles on a lattice where the particles can hop
from one lattice site to the next. Although it appears simple, solving the HM when the interactions are repulsive, the
particles are fermions, and the temperature is low—-all of which applies in the case of correlated electron systems——is
computationally challenging. Two groups have tackled this important problem. Huang et al. studied a three-band version
of the HM at finite temperature, whereas Zheng et al. used five complementary numerical methods that kept each other
in check to discern the ground state of the HM. Both groups found evidence for stripes, or one-dimensional charge and/or
spin density modulations.
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