A RTl C L E W) Check for updates

Evidence for pressure induced unconventional
quantum criticality in the coupled spin ladder
antiferromagnet CoHgN>CuBry4
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Quantum phase transitions in quantum matter occur at zero temperature between distinct
ground states by tuning a nonthermal control parameter. Often, they can be accurately
described within the Landau theory of phase transitions, similarly to conventional thermal
phase transitions. However, this picture can break down under certain circumstances. Here,
we present a comprehensive study of the effect of hydrostatic pressure on the magnetic
structure and spin dynamics of the spin-1/2 ladder compound CgHgN>CuBr,. Single-crystal
heat capacity and neutron diffraction measurements reveal that the Néel-ordered phase
breaks down beyond a critical pressure of P. ~ 1.0 GPa through a continuous quantum phase
transition. Estimates of the critical exponents suggest that this transition may fall outside the
traditional Landau paradigm. The inelastic neutron scattering spectra at 1.3 GPa are char-
acterized by two well-separated gapped modes, including one continuum-like and another
resolution-limited excitation in distinct scattering channels, which further indicates an exotic
quantum-disordered phase above P..
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andau’s symmetry-breaking theory!? forms a cornerstone

for understanding many phases of matter in condensed

matter physics. However, despite its remarkable success,
various phenomena, such as the fractional quantum Hall effect?*
and topologically ordered quantum matter>S, have exposed the
limitations of this paradigm. Moreover, continuous zero-
temperature quantum phase transitions (QPTs), which exhibit
emergent gauge fields and fractionalized (deconfined) degrees of
freedom, also extend beyond this conventional framework. In
recent years, several model systems, proposed to exhibit decon-
fined quantum criticality, have been exhaustively studied by
analytical”® and numerical®~!> methods. However, to the best of
our knowledge, thus far there has still been no experimental
realization of such unconventional QPTs with fractionalization,
and suitable experimental platforms are thus highly desirable.

Here, we focus on the S=1/2 magnetic insulator
CoH sN,CuBr, (DLCB for short)!3. Its magnetic properties at
ambient pressure were examined in detail recently!#-10. As seen
from its crystal structure, shown in Fig. la, this compound is
composed of coupled two-leg spin ladders, with the chain
direction extending along the b-axis. The inter-ladder coupling in
DLCB is sufficiently strong to drive the system into an anti-
ferromagnetically ordered phase below 2.0 K!4. The staggered
moments point alternately along an easy axis (= 2), the ¢"-axis in
the reciprocal space with an ordered moment size of 0.39(4) ug,
which is just 40% of the saturated moment size, due to strong
quantum fluctuations that affect this material.

The magnetic excitations of DLCB at ambient pressure can be
described quantitatively!®> by the Hamiltonian of a two-
dimensional quantum spin model of coupled ladders for the
magnetic interactions:

H= )]

Z QZ X QX Y QY
P {sisj +A(sisj +s,,sj)}, )

where the subscript y reads either ‘rung’, ‘leg’, or ‘int’—for J, the

rung, leg, or interladder exchange constant—and i and j are
nearest-neighbor lattice sites. The parameter A specifies an
exchange anisotropy, with A =0 and 1 defining the limiting cases
of Ising and Heisenberg interactions, respectively. To minimize
the number of parameters to fit the experimental dispersions, A is
assumed to be the same along all exchange paths!>. This
assumption is made to avoid overparameterization but does not
affect the main conclusion regarding the properties of this model
system.

Owing to an Ising-type anisotropy, A < 1, the polarized neutron
study!® confirmed that the gapped triplet (S=1 and S, =0, +1)
excitation energy splits into a gapped doublet (S=1 and S, = +1)
as the transverse mode (TM) and a gapped “singlet” (S=1 and
S,=0) as the longitudinal or amplitude mode (LM)7-2>,
reflecting spin fluctuations perpendicular and parallel to the easy
axis, respectively. Importantly, an analysis of the spin Hamilto-
nian suggests that DLCB is close to the quantum critical point
(QCP) at ambient pressure and zero field14-1626, and thus its
magnetic properties could be extraordinarily responsive to an
external stimulus such as hydrostatic pressure.

In this work, we present compelling AC heat capacity and
neutron scattering results on DLCB under applied hydrostatic
pressure up to 1.7 GPa, which directly detect the magnetic order
and dynamic structure factor (DSF) and thus allow us to address
the nature of the static and dynamic spin correlations under
pressure. The applied pressure is demonstrated to be a parameter
that effectively tunes the exchange interactions in the spin
Hamiltonian without inducing a structural transition. Figure 1b
summarizes the phase diagram of DLCB as determined from this
study as a function of temperature and pressure as well as the
pressure dependence of anisotropic energy gaps. In the following,
we will illustrate the collapse of the antiferromagnetic (AFM)
ordering at P.~ 1.0 GPa through a continuous quantum phase
transition. From our analysis, we furthermore obtain an estimate
for the anomalous exponent #, which describes the spatial decay
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Fig. 1 Crystal structure and phase diagram of CgH,sN,CuBr, (DLCB for short) as a function of pressure and temperature. a Crystal structure of

deuterated CoH;gN,CuBr,4 projected along the crystallographic c-axis to show the stacking of discrete DMAT (C,DgN) and 35DMP+ (C;D;oN) cations.
Outlined is a nuclear unit cell. b Phase diagram of DLCB as a function of pressure and temperature, showing a transition between the Néel ordered phase
and the exotic quantum-disordered (QD) phase as well as the pressure dependence of anisotropic energy gaps. Circle and diamond points are the energy
gaps of the transverse mode (TM) and longitudinal mode (LM), respectively. The red and black solid lines are guides to the eye. The blue line was obtained
from a fit of A \y(P) o (P, — P)” with P. =1.04 GPa and the exponent v = 0.33. ¢ The AC heat capacity Cp of DLCB as a function of temperature at ambient
pressure, 0.48, 0.8, 1.0, 1.28, and 1.72 GPa. For clarity, the data are shifted upwards. The transition temperature is indicated by an arrow. Error bars

represent one standard deviation.

2 | (2022)13:3073 | https://doi.org/10.1038/s41467-022-30769-8 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

of the magnetic correlations, and that is unusually large at this
QCP as compared to conventional values. Moreover, we observe
broad magnetic excitation continua near the phase transition,
which can not be attributed to the broadening effect of either
chemical disorder or two-magnon scattering processes in DLCB.
Rather, we propose that additional (frustrating) interlayer cou-
plings, which become more pronounced close to the transition,
may contribute to drive the system into an exotic gapped quan-
tum paramagnetic regime, such as a quantum spin liquid
phase27-30,

Results

AC heat capacity and neutron diffraction results under pres-
sure. Figure 1c shows the AC heat capacity of a deuterated single
crystal of DLCB as a function of temperature. At ambient pres-
sure, a sharp anomaly indicates a phase transition to the AFM
phase at Ty = 2.0 K. This peak becomes broader and smaller at
0.48 and 0.8 GPa, indicative of a suppression of the AFM order
with increasing pressure. At and beyond 1.0 GPa it becomes
indiscernible at least down to temperatures of 0.15 K. To explore
this collapse of the Néel order in more detail, we measured the
order parameter of DLCB using single-crystal neutron diffraction.
Figure 2a, b shows the pressure-dependence of neutron diffrac-
tion 6/20 scans at the AFM wavevector q = (0.5, 0.5, —0.5). The
scattering intensity of the magnetic Bragg peak becomes dimin-
ished as hydrostatic pressure increases. At and above a hydro-
static pressure of 1.05 GPa, there is no experimental evidence of
magnetic order down to 0.25 K. Moreover, no evidence is found
of any incommensurate magnetic Bragg peak or diffuse scattering
over a wide range of reciprocal space at T=0.25K and
P =1.3 GPa in Fig. 2c. The refinement of additional single-crystal
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neutron diffraction data at and above 1.05 GPa does not reveal
any structural distortion as the possible cause for the absence of
magnetic order and the triclinic space group P1 is preserved at
each pressure, as listed in Supplementary Table 1. The
temperature-dependent order parameter has been measured at
various pressures as well. Figure 2d outlines the determined
pressure dependence of the ordered moment size m that is con-
tinuously reduced to 0.07(5) up at 0.98 GPa, indicating a con-

tinuous QPT3L32, The best fit to moc (P, — P vyields
P.=1.04(4) GPa and the order-parameter exponent 3 = 0.68(5).
This value is appreciably larger than, e.g., the values of ~0.33
and $=0.5 for the (24+1)D and (3+1)D Ising universality
classes33, respectively (an analysis of the scaling behavior over the
entire investigated pressure region is provided in Supplementary
Note 2). It is noteworthy that the determined AFM ordering
temperature Ty increases slightly upon initially increasing the
pressure and then decreases gradually with pressure until its
abrupt drop towards zero at P.. This behavior is rather distinct
from the behavior near a conventional QCP, where Ty exhibits a
smooth power-law decrease towards zero at the QCP. We take
this as an indication that the underlying physics is indeed distinct
from a conventional order-to-quantum disorder transition
scenario.

Inelastic neutron scattering results under pressure. To gain
insight into the nature of the pressure-induced quantum-dis-
ordered (QD) phase, inelastic neutron scattering has been used to
probe the evolution of the dynamic spin correlation function of
DLCB as a function of pressure. Figure 3a, b shows background-
subtracted energy scans at the same AFM wavevector for various
pressures. The spectral lineshapes for P < P, (or P> P,) are spin-
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Fig. 2 Single-crystal neutron diffraction study under pressure. The representative 6/260 scans and the temperature dependence of the neutron scattering
intensity measured at a cold neutron triple-axis spectrometer (CTAX) around the antiferromagnetic wavevector @ = (0.5, 0.5, —0.5) for (a) ambient

pressure, 0.3 and 0.53 GPa and for (b) 0.82, 0.88, 0.95, and 0.98 GPa, respectively. For /20 scans, the solid lines are fits to the Gaussian profile. For
clarity, the data above 1 GPa presented in the inset are shifted vertically by successive increments of 400. For temperature dependence of the order

parameter, the transition temperature at each pressure is indicated by the arrow and the solid lines are guides to the eye. Experimental data were collected
at 0.25K. ¢ Single-crystal neutron diffraction pattern measured at a cold neutron chopper spectrometer (CNCS) at T=0.25K and P=1.3 GPa. The ring
feature originates from the cytop glue. d Ordered moment m as a function of applied pressure, along with fits to m(P) o (P, — P)? for several typical values
of . The best fit results for = 0.68(5) and P. =1.04(4) GPa. The inset shows the goodness of the fit for different values of . Error bars represent one

standard deviation.
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Fig. 3 Single-crystal inelastic neutron scattering study under pressure. The representative background-subtracted transferred energy scans measured
(a) at a high intensity multi-axis crystal spectrometer (MACS) and (b) at CNCS at the antiferromagnetic wavevector q= (0.5, 0.5, —0.5) for several
pressures. All data were collect at T=1.5 K except that the data at 1.3 GPa (CNCS) were measured at 0.25 K. For clarity, the data and fits are shifted
vertically by successive increments of 150 (MACS) or 0.002 (CNCS). The green and magenta dashed lines are fits to the damped harmonic-oscillator
(DHO) model convolved with the instrumental resolution for the TM and LM, respectively. The black solid lines are their sum. The green and orange solid
lines at 1.06 and 1.3 GPa (MACS) are convolved calculations for the TM by the DHO model and quantum Monte Carlo (QMC) calculations, respectively.
The black dashed lines are guides to the eye. The red horizontal bars represent the instrumental resolution. ¢ The pressure dependence of Ay below P,
along with fits to A, (P) o< (P. — P)*?, for different values of v with z=1. The best fit gives v = 0.33(4). The inset shows the goodness of the fit for different
values of v. d The pressure dependence of the intrinsic linewidth of the TM damping. Error bars represent one standard deviation.

gapped and were modeled by a superposition of two (or single)
double-Lorentzian damped harmonic-oscillator (DHO) modes,
convolved with the instrumental resolution function. At ambient
pressure, the best fit yields the gap energies of the TM and LM as
Ay =0.32(3) meV and Apy = 0.58(4) meV, respectively. Their
values are consistent with the previously reported values'®. We
find that the peak profiles of both the TM and LM for P <0.82
GPa are limited by the instrumental resolution. Notably, the TM
becomes broad at 0.95 GPa with an intrinsic full width at half
maximum (FWHM) of 0.15(4) meV. Figure 1b summarizes the
pressure dependence of the extracted excitation energies Ay and
Apy across the quantum phase transition. The slightly growing
gap energy of Aqy; can delay the thermal depletion of the mag-
netic order towards higher Ty. The LM gap Apy softens along
with the decrease of the ordered moment and the best fit to
Ay & (P, — P)”* in Fig. 3c, where v is the correlation-length
exponent and z is the dynamic critical exponent, was determined.
Assuming z=1 at the pressure-induced quantum phase
transition3!, we obtain v =0.33(4) which is smaller than the
values of v~ 0.63 and v=10.5 for the (2+1)D and (3+1)D Ising
universality classes33, respectively. However, caution should be
used when interpreting this finding as the density of data avail-
able near P, is barely sufficient for an accurate estimate. Notably,
recent quantum Monte Carlo (QMC) work finds a similarly small
value of v = 0.45 at the considered deconfined QCP in the S=1/2
square-lattice J-Q model3*3>. At 1.06 GPa, slightly above P, the
LM has a very small gap that cannot be distinguished within the
limited instrumental resolution, while Aty moves further up to
0.44(3) meV. Based on the spin Hamiltonian at ambient pressure
in Eq. (1), the ground state in the QD phase is expected to be a

trivial dimerized quantum paramagnet, where spins are paired up
into singlets, arranged in a regular pattern. Such a phase has
sharp, gapped S=1 spin-wave excitations. Surprisingly, the
spectral line shape of the TM signal with a long tail extending up
to 1.1 meV becomes significantly broader than the instrumental
resolution and the best fit to the same double-Lorentzian DHO
model gives an intrinsic linewidth with a FWHM of 0.42(5) meV.
It is important to emphasize that the two-TM scattering processes
is not allowed in the same energy regime as a consequence of the
energy-momentum conservation rule. Such spectral broadening
persists at least up to 1.3 GPa, i.e., well beyond the QCP, where
the FWHM becomes 0.34(5) meV.

Quantum Monte Carlo simulations. To quantitatively compare
the observed spin dynamics with theoretical models, we examine
the DSF using large scale QMC calculations for the original spin
Hamiltonian in Eq. (1). The Hamiltonian parameters at ambient
pressure were previously obtained to best match the experimen-
tally observed magnetic dispersions as Jiez = 0.62 meV, Jyng =
0.66 meV, Ji,; = 0.20 meV and A = 0.8715. We establish that the
applied pressure effectively tunes the exchange coupling ratio «
between the inter-ladder and intra-ladder couplings, assuming no
impact on the interaction anisotropy A and the ratio between Jryng
and Jieg (cf. Supplementary Table 7 for further details). At the
critical pressure and for 1.3 GPa, « is reduced to 0.14 and 0.05,
respectively, from its value of 0.32 at ambient pressure. We find
that the parameter set (Jig=0.91 meV, Jiyng=0.97 meV and
Jint=0.13 meV) or (Jig=1.03 meV, Jryng = 1.1 meV and Jine=
0.05 meV) gives good agreement with the experimental value
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Fig. 4 Comparison between the experimental data and QMC calculations. False-color maps of the excitation spectra as a function of energy and
wavevector transfer along two high-symmetry directions (H,H,—0.5) and (0.5,0.5,—L) in the reciprocal space, respectively. Experimental data were
collected at MACS at T=1.5 K and (a) P=1.06 GPa and (¢) P=1.3 GPa. Data for H less than 0.4 r.l.u. are not shown due to a contamination by the direct
neutron beam. b, d are dynamic structure factors of the TM calculated by QMC using the parameter sets at the critical point and 1.3 GPa, respectively, as
described in the text. Simulations were convolved with the instrumental resolution function where the neutron polarization factor and the magnetic form
factor for Cu2+ were included. e High-resolution inelastic neutron scattering measurements at CNCS at T=0.25 K and P = 1.3 GPa. The excitation spectra
at T=15 K are shown in Supplementary Fig. 6 (e). No smoothing or symmetrization was applied to all experimental data.

of Apy. As expected, the QMC calculations for the spin Hamiltonian
in Eq. (1) with the best fit parameters for a pressure of 1.3 GPa
indeed predict a trivial quantum paramagnetic ground state with
conventional S = 1 spin-wave excitations. The calculated spectral
lineshape profiles as indicated by the orange lines in Fig. 3a are
visibly limited by the instrumental resolution, which are certainly a
poor representation of the observed TM signal. Moreover, Fig. 4
shows the comparison over the entire Brillouin zone between the
experimental excitation spectra at 1.06 and 1.3 GPa and the DSF as
calculated by QMC, convolved with the instrumental resolution
function. Clearly, the experimental data cannot be reproduced by the
DSF calculated from the Hamiltonian in Eq. (1), which suggests that

the ground state above P. is potentially a more unconventional
quantum disordered state.

Discussion

So what is the probable origin of the continuum-like broad exci-
tations of DLCB? We have carried out single-crystal neutron dif-
fraction experiments under pressure by measuring more than 300
nuclear Bragg peaks and the refinement results as listed in Sup-
plementary Tables 2-5 do not reveal any evidence of chemical
disorder under pressure except a small H/D isotope effect on the
site occupancy. The latter has no influence on the magnetism of
non-hydrogen-bonded systems such as DLCB. Consequently, it
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° )

Fig. 5 The magnetic interactions between Cu2* jons in the crystallographic ac plane. Projection of (CuBr,)2~ tetrahedra onto a plane perpendicular to
the b-axis. The organic cations play no role in the magnetism and are not shown. Black arrows indicate the directions of the spins in the Néel ordered phase.
Red, orange, purple and light blue lines indicate the intraladder coupling J,ung, interladder coupling Jiy, interlayer couplings Jl’ayer and J;;yer, respectively. The

ellipse outlines the frustrating inter-layer coupling J"aye,.

can be ruled out that the observed broadening is due to the che-
mical disorder. The other possible broadening effect attributed to
spontaneous magnon decays30-40 is also discussed in Supplemen-
tary Note 3 and can be excluded mainly due to violation of the
kinematic conditions*!.

Another possible origin of the broad, continuum-like spectra
observed in DLCB is fractionalization of the magnetic excitations i.e.,
spin-1/2 spinons, which are created and detected in pairs by neutron
scattering as evident from conservation of the angular momentum.
In such a scenario, the magnetic order parameter becomes a com-
posite operator of partons, which should thereby lead to a large value
of the anomalous exponent #!2, characterizing the spatial decay of
the magnetic correlations. We can estimate # based on the f and v
values using the scaling relation3? = 2B/v — (d + z — 2), where d
denotes the spatial dimension. Taking d = 3, based on the strong
three-dimensional character of the magnetism at the transition, as we
will discuss later, we obtain # = 2.1(5) from 5 = 0.68(5), v =0.33(4),
and z =1 as already stated above. This is in marked contrast to, e.g.,
the value 77 =0 at the conventional (3+1)D Ising transition33. Also
for d = 2, the value obtained for # is significantly larger than, e.g, the
value # = 0.036 at the conventional (2+1)D Ising transition33. These
estimates for 7, based on the critical exponents § and v and a
(standard) scaling relation, may not represent the true asymptotic
value in the quantum critical regime, due to the limitation of
instrumental resolution. However, even in view of these caveats, the
estimated values of # are certainly significantly larger than the pre-
diction at conventional QCPs or its mean-field approximation
(n=0). Such large values for #, along with the broad spectral line-
width observed near the quantum phase transition, as shown in
Fig. 3d, suggest that the emergence of fractionalized excitations
through the pressure-induced quantum phase transition may be
realized in DLCB at the critical pressure.

Since DLCB is composed of interacting spin-1/2 ladders, it is
also instructive to consider the one-dimensional (1D) limit of
isolated ladders. Indeed, a 1D analog of the deconfined QCP
(DQCP)78 in an S=1/2 chain system between the Ising ferro-
magnetic and valence bond solid (VBS) symmetry-breaking
phases has been investigated recently*?43. Because higher-order
four-spin interactions such as those around plaquettes are
expected to be negligible for molecular spin-1/2 ladder systems, a
QPT between the rung singlet (RS) and Néel phase emerges upon
varying the Ising exchange anisotropy*4. The ground state of the
RS phase does not break any symmetry, and hence the RS-Néel
transition is not a (14+1)D DQCP, but instead belongs to the

conventional (141)D Ising universality class. Furthermore, spin
excitations in the VBS state fractionalize only at the DQCP,
whereas the spinons become confined again in the disordered
phase. In contrast, our high resolution excitation spectra in the
QD regime at P=1.3GPa in Fig. 4e clearly show two well-
separated gapped modes including one broad continuum-like and
another almost dispersionless excitation. At the AFM wavevector,
cf. Fig. 3b, we identify two distinct spin-gapped excitations: (i) a
broad peak for the TM at about 0.56(4) meV with an intrinsic
linewidth FWHM of 0.36(4) meV (i.e., five times broader than the
instrumental resolution), and (ii) an additional, resolution-
limited excitation for the LM at 0.25(3) meV. As a result, both
conventional (1+1)D Ising quantum criticality, as well as a 1D
DQCP in DLCB, can be excluded.

Since an ordinary quantum phase transition to a trivial
quantum paramagnet emerges for unfrustrated interactions!, as
we observed also explicitly in the QMC simulations, a mechanism
that is not included in the original Hamiltonian is required. The
possibility of diagonal frustrating couplings in the ladders can be
eliminated due to their unfavorable superexchange paths in
DLCB. Space symmetry of the DLCB lattice also places strong
restriction on the possible anisotropic Dzyaloshinskii-Moriya
(DM) interactions. DM interactions in DLCB are forbidden along
the rungs of the ladders and between the ladders by inversion
symmetry, but are allowed along the ladder legs#>~48. In general,
DM interactions prefer non-collinear magnetic structures, and in
DLCB the effects of the DM interactions on the collinear ordered
state within the Néel phase should thus be very weak. Indeed, the
field dependence of the anisotropic energy gaps at ambient
pressure!® agrees well with the Zeeman spectral splitting, which
suggests that §7 is a good quantum number. One may further-
more consider the couplings Ji,yr between the two-dimensional
layers. Their corresponding Cu---Cu separation distances
become reduced under pressure (see Supplementary Table 6 for
further details) and may thus indeed become more pronounced in
the vicinity of the critical point. Figure 5 shows the magnetic
interactions between Cu?T ions in the crystallographic ac plane,
in which the Ji, ]{ayer and ]i’ayer interactions form triangular spin
arrangements. In terms of the Cu-Br. .- Br bridging angle, as
summed up by the Goodenough-Kanamori-Anderson rules**->1,
the larger the deviation from 180°, the weaker is the anti-
ferromagnetic superexchange and the coupling eventually
becomes ferromagnetic for bridging angles close to 90°. Conse-
quently, Jiny Jipye, and ]fayer are all antiferromagnetic exchange
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interactions. While the coupling ]i’ayer along the a-axis helps to
align the ordered moments antiparallel to each other between
adjacent layers in the Néel ordered phase, an enhancement of the
coupling Jj, . can lead to magnetic frustration. One possibility is
that the system is driven into an exotic gapped quantum spin
liquid phase in terms of a three-dimensional frustrated network
of quantum spins with triangular motifs. Further theoretical work
is certainly necessary to assess such a scenario.

In summary, we have performed AC heat capacity and neutron
scattering experiments under pressure on the compound
CoH;gN,CuBr, at low temperature and continuously tuned the
ground state from the AFM Néel phase across a continuous
quantum phase transition into a quantum disordered regime. The
unique ability of neutron scattering to explore the dynamical spin
correlation functions allows us to experimentally probe for frac-
tionalized excitations. We indeed observe rather broad
continuum-like magnetic excitation spectra near the transition,
which—along with a large estimated value for the anomalous
exponent y—suggests an interpretation in terms of fractionalized
magnetic excitations. Our study, therefore, offers an interesting
experimental platform to search for physics associated with
unconventional quantum criticality and exotic quantum-
disordered phases.

Methods

Single crystal growth. Deuterated single crystals were grown using a solution
method!3. An aqueous solution containing a 1:1:1 ratio of deuterated (DMA)Br,
(35DMP)Br, where DMA™ is the dimethylammonium cation and 35DMP™ is the
3,5-dimethylpyridinium cation, and the corresponding copper(II) halide salt was
allowed to evaporate for several weeks; a few drops of DBr were added to the
solution to avoid hydrolysis of the Cu(II) ion.

AC heat capacity. High-pressure experiment of AC heat capacity on a deuterated
single-crystal of DLCB was performed in a dilution refrigerator using a Ni-Cr-Al
hybrid piston-cylinder-type pressure cell>2. Daphne oil 7373 was used as pressure-
transmitting medium®3 and the pressure at low temperature was calibrated by
measuring the superconducting transition of Pb>%. The AC heat capacity Cp, which
is inversely proportional to the observed lock-in voltages, was determined from the
temperature modulation with a thermocouple. The technical details can be found
in ref. 5°. Note that the AC heat capacity at ambient pressure was measured
without the pressure cell and the observed almost linear-T dependence above 2 K at
finite pressures is caused by the background from the pressure-transmitting
medium and the pressure cell.

Neutron scattering measurements. Single-crystal neutron diffraction measure-
ments under pressure were carried out on a cold neutron triple-axis spectrometer
(CTAX) with both the incident and final neutron energies fixed at 4.5 meV at High
Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory (ORNL). A standard
helium-flow cryostat or helium-3 insert was used to achieve the base temperature
of 1.45 K or 0.25 K. The nuclear structure at 5 K under pressure was determined
using a closed-cycle refrigerator at the four-circle neutron diffractometer (HB-3A)
at HFIR, ORNL with the incident wavelength of 1.55 A. Elastic neutron scattering
measurements were also performed using the CORELLI diffuse scattering
spectrometer® at the Spallation Neutron Source (SNS), ORNL. A dilution refrig-
erator insert was used to reach the base temperature of 45 mK. The sample used in
neutron diffraction measurements consists of one deuterated single crystal with
mass of 50 mg and a 1.0° mosaic spread. Inelastic neutron scattering measurements
under pressure using a standard helium-flow cryostat were performed on a high
intensity multi-axis crystal spectrometer (MACS)*” at the NIST Center for Neutron
Research. The final neutron energy was fixed at 3.0 meV and the energy resolution
at the elastic line is 0.13 meV. Inelastic neutron scattering data were also collected
on a cold neutron chopper spectrometer (CNCS)>® at SNS, ORNL. The scattering
intensity was normalized to the number of incident protons per pulse and inte-
grated out of the scattering plane direction by a narrow slice of +0.1 r.L.u. in order
to analyze the experimental data taken in the scattering plane. The experiment was
performed using a helium-3 insert with the incident neutron energy of 2.07 meV
and the energy resolution at the elastic line is 0.08 meV. The background was
determined at T= 15 K under the same instrumental configurations. The sample
used in inelastic neutron scattering consists of three co-aligned deuterated single
crystals with a total mass of 200 mg and a 2.0° mosaic spread. Neutron scattering
intensity as shown in Fig. 4 of the main text was integrated along the H or L
directions by 0.1 r.L.u. In all experiments, the sample was oriented in the (HHL)
scattering plane and loaded inside a CuBe piston-cylinder-type pressure cell with
maximum allowable hydrostatic pressure ~1.3 GPa. Fluorinert FC-770 was used as

pressure-transmitting medium to achieve good hydrostaticity. The desired
hydrostatic pressure was applied by a hydraulic press. Change of volume with
pressure in NaCl was used for pressure calibration with an accuracy of 0.1 GPa.

Data analysis. By assuming a collinear and commensurate antiferromagnetic
structure, we can determine the ordered moment size under pressure m(p) by
normalizing the magnetic peak to the nuclear peak as:

T
Io| nag/ To e

where my is the staggered moment size at ambient pressure. I, {mag and I (p)‘mag are

m(p) = my ) (2)

the integrated intensities of the magnetic Bragg peak (0.5, 0.5, —0.5) at ambient
pressure and under pressure, respectively. Io{nuc and I(p)}nuc are the integrated
intensities of the nuclear Bragg peak (0,0,2) at ambient pressure and under pres-
sure, respectively.

The spectral lineshapes in Fig. 3 of the main text were fitted to the following
double-Lorentzian DHO model>-¢0:

A
1 — exp(—hw/kyT)
r r
(ho— AP +T2 (hw+ AP + 12
where A is a prefactor, kg is the Boltzmann constant, A is the peak position and T is
the resolution-corrected intrinsic excitation linewidth i.e., half-width at half-

maximum (HWFM) and convolved with the instrumental resolution function. The
experimental resolution was calculated using the Reslib software®!.

S(hw) =
3)

Quantum Monte Carlo calculations. Quantum Monte Carlo (QMC) calculations
were performed for the effective spin model for DLCB, based on the methods of
ref. 1°. We used a combination of stochastic series expansion QMC
simulations®2-%4 and analytical continuations using the stochastic sampling scheme
of ref. %5 in order to access the frequency-dependent spectral functions from
imaginary-time correlation functions that are measured in the QMC calculations.
From this approach, we obtain the spectral functions for the longitudinal channel,
Sy(k,w) = [dt e_ih‘”'(Si(t)Sz_k(O», as well as for the transverse channel, Sp(k, w) =

J dte NS (£)ST,L(0) + Si (£)ST,(0)) as functions of momentum and frequency.

Data availability
All data that support the findings of this study are available from the corresponding
author upon reasonable request. Source data are provided with this paper.

Received: 14 June 2021; Accepted: 14 May 2022;
Published online: 02 June 2022

References

1. Landau, L. D. On the theory of phase transitions. Phys. Z. Sowjetunion 11, 26
(1937).

2. Ginzburg, V. L. & Landau, L. D. On the theory of superconductivity. Zh. Eksp.
Teor. Fiz. 20, 1064-1082 (1950).

3. Tsui, D. C, Stormer, H. L. & Gossard, A. C. Two-dimensional
magnetotransport in the extreme quantum limit. Phys. Rev. Lett. 48,
1559-1562 (1982).

4. Laughlin, R. B. Anomalous quantum hall effect: an incompressible quantum
fluid with fractionally charged excitations. R. B. Phys. Rev. Lett. 50, 1395-1398
(1983).

5. Wen, X.-G. Colloquium: Zoo of quantum-topological phases of matter. Rev.
Mod. Phys. 89, 041004 (2017).

6. Keimer, B. & Moore, J. E. The physics of quantum materials. Nat. Phys. 13,
1045-1055 (2017).

7. Senthil, T., Vishwanath, A., Balents, L., Sachdev, S. & Fisher, M. P. A.
Deconfined quantum critical points. Science 303, 1490-1494 (2004).

8. Senthil, T., Balents, L., Sachdev, S., Vishwanath, A. & Fisher, M. P. A.
Quantum criticality beyond the Landau-Ginzburg-Wilson paradigm. Phys.
Rev. B 70, 144407 (2004).

9. Sandvik, A. W. Evidence for deconfined quantum criticality in a two-dimensional
Heisenberg model with four-spin interactions. Phys. Rev. Lett. 98, 227202 (2007).

10. Melko, R. G. & Kaul, R. K. Scaling in the fan of an unconventional quantum
critical point. Phys. Rev. Lett. 100, 017203 (2008).

11. Isakov, S. V., Kim, Y. B. & Paramekanti, A. Spin-liquid phase in a spin-1/2
quantum magnet on the Kagome lattice. Phys. Rev. Lett. 97, 207204 (2006).

| (2022)13:3073 | https://doi.org/10.1038/s41467-022-30769-8 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Isakov, S. V., Melko, R. G. & Hastings, M. B. Universal signatures of
fractionalized quantum critical points. Science 335, 193-195 (2012).
Awwadi, F. et al. Strong rail spin 1/2 antiferromagnetic ladder systems:
(Dimethylammonium)(3,5-Dimethylpyridinium)CuX4, X = Cl, Br. Inorg.
Chem. 47, 9327-9332 (2008).

Hong, T. et al. Magnetic ordering induced by interladder coupling in the spin-
1/2 Heisenberg two-leg ladder antiferromagnet CoH;3N,CuBry. Phys. Rev. B
89, 174432 (2014).

Ying, T., Schmidt, K. P. & Wessel, S. Higgs mode of planar coupled spin
ladders and its observation in CoH;gN,CuBr,. Phys. Rev. Lett. 122, 127201
(2019).

Hong, T. et al. Higgs amplitude mode in a two-dimensional quantum
antiferromagnet near the quantum critical point. Nat. Phys. 13, 638-642
(2017).

Affleck, I. & Wellman, G. F. Longitudinal modes in quasi-one-dimensional
antiferromagnets. Phys. Rev. B 46, 8934-8953 (1992).

Normand, B. & Rice, T. M. Dynamical properties of an antiferromagnet near
the quantum critical point: Application to LaCuO, 5. Phys. Rev. B 56,
8760-8773 (1997).

Matsumoto, M., Normand, B., Rice, T. M. & Sigrist, M. Field- and pressure-
induced magnetic quantum phase transitions in TICuCls. Phys. Rev. B 69,
054423 (2004).

Ritegg, C. et al. Quantum magnets under pressure: Controlling elementary
excitations in TICuCls. Phys. Rev. Lett. 100, 205701 (2008).

Merchant, P. et al. Quantum and classical criticality in a dimerized quantum
antiferromagnet. Nat. Phys. 10, 373-379 (2014).

Jain, A. et al. Higgs mode and its decay in a two-dimensional antiferromagnet.
Nat. Phys. 13, 633 (2017).

Zhu, M. et al. Amplitude modes in three-dimensional spin dimers away from
quantum critical point. Phys. Rev. Res. 1, 033111 (2019).

Hayashida, S. et al. Novel excitations near quantum criticality in geometrically
frustrated antiferromagnet CsFeCls. Sci. Adv. 5, eaaw5639 (2019).

Do, S. et al. Decay and renormalization of a longitudinal mode in a quasi-two-
dimensional antiferromagnet. Nat. Commun. 12, 5331 (2021).

Hong, T. et al. Field induced spontaneous quasiparticle decay and
renormalization of quasiparticle dispersion in a quantum antiferromagnet.
Nat. Commun. 8, 15148 (2017).

Balents, L. Spin liquids in frustrated magnets. Nature 464, 199-208
(2010).

Savary, L. & Balents, L. Quantum spin liquids: A review. Rep. Prog. Phys. 80,
016502 (2017).

Zhou, Y., Kanoda, K. & Ng, T. Quantum spin liquid states. Rev. Mod. Phys. 89,
025003 (2017).

Broholm, C. et al. Quantum spin liquids. Science 367, eaay0668 (2020).
Sachdev, S. Quantum Phase Transition (Cambridge Univ. Press, Cambridge,
1999).

Vojta, M. Quantum phase transitions. Rep. Prog. Phys. 66, 2069-2110
(2003).

Pelissetto, A. & Vicari, E. Critical phenomena and renormalization-group
theory. Phys. Rep. 368, 549-727 (2002).

Shao, H., Guo, W. & Sandvik, A. W. Quantum criticality with two length
scales. Science 352, 213-216 (2016).

Sandvik, A. W. & Zhao, B. Consistent scaling exponents at the deconfined
quantum-critical point. Chin. Phys. Lett. 37, 057502 (2020).

Stone, M. B. et al. Quasiparticle breakdown in a quantum spin liquid. Nature
440, 187-190 (2006).

Masuda, T. et al. Dynamics of Composite Haldane Spin Chains IPA-CuCls.
Phys. Rev. Lett. 96, 047210 (2006).

Zhitomirsky, M. E. & Chernyshev, A. L. Colloquium: Spontaneous magnon
decays. Rev. Mod. Phys. 85, 219-243 (2013).

Oh, J. et al. Magnon breakdown in a two dimensional triangular lattice
Heisenberg antiferromagnet of multiferroic LuMnOj3. Phys. Rev. Lett. 111,
257202 (2013).

Plumb, K. W. et al. Quasiparticle-continuum level repulsion in a quantum
magnet. Nat. Phys. 12, 224-229 (2016).

Su, Y. et al. Stable Higgs mode in anisotropic quantum magnets. Phys. Rev. B
102, 125102 (2020).

Roberts, B., Jiang, S. & Motrunich, O. I. Deconfined quantum critical point in
one dimension. Phys. Rev. B 99, 165143 (2019).

Huang, R, Lu, D,, You, Y., Meng, Z. Y. & Xiang, T. Emergent symmetry and
conserved current at a one-dimensional incarnation of deconfined quantum
critical point. Phys. Rev. B 100, 125137 (2019).

Ogino, T., Kaneko, R., Morita, S., Furukawa, S. & Kawashima, N. Continuous
phase transition between Néel and valence bond solid phases in a J-Q-like spin
ladder system. Phys. Rev. B 103, 085117 (2021).

Cizmar, E. et al. Anisotropy of magnetic interactions in the spin-ladder
compound (CsH;,N),CuBry. Phys. Rev. B 82, 054431 (2010).

46. Glazkov, V. N. et al. ESR study of the spin ladder with uniform
Dzyaloshinskii-Moriya interaction. Phys. Rev. B 92, 184403 (2015).

47. Ozerov, M. et al. Electron spin resonance modes in a strong-leg ladder in the
Tomonaga-Luttinger liquid phase. Phys. Rev. B 92, 241113(R) (2015).

48. Krasnikova, Y. V. et al. Anisotropy-induced soliton excitation in magnetized
strong-rung spin ladders. Phys. Rev. Lett. 125, 027204 (2020).

49. Kramers, H. A. The interaction between magnetogenic atoms in a
paramagnetic crystal. Physica 1, 182-192 (1934).

50. Goodenough, J. B. Theory of the role of covalence in the perovskite-type
manganites [La, M(II)]MnOs. Phys. Rev. 100, 564-573 (1955).

51. Anderson, P. W. Antiferromagnetism. Theory of superexchange interaction.
Phys. Rev. 79, 350-356 (1950).

52. Uwatoko, Y. et al. Design of 4 GPa class hybrid high pressure cell for dilution
refrigerator. Phys. B Condens. Matter 329, 1658-1659 (2003).

53. Murata, K. et al. Pt resistor thermometry and pressure calibration in a
clamped pressure cell with the medium, Daphne 7373. Rev. Sci. Instrum. 68,
2490-2493 (1997).

54. Eiling, A. & Schilling, J. S. Pressure and temperature dependence of electrical
resistivity of Pb and Sn from 1-300 K and 0-10 GPa-use as continuous
resistive pressure monitor accurate over wide temperature range;
superconductivity under pressure in Pb, Sn and In. J. Phys. F: Met. Phys. 11,
623-639 (1981).

55. Umebhara, I., Hedo, M., Tomioka, F. & Uwatoko, Y. Heat capacity
measurements under high pressure. J. Phys. Soc. Jpn. Suppl. A 76, 206-209
(2007).

56. Ye, F., Liu, Y., Whitfield, R., Osborn, R. & Rosenkranz, S. Implementation of
cross correlation for energy discrimination on the time-of-flight spectrometer
CORELLL J. Appl. Crystallogr. 51, 315-322 (2018).

57. Rodriguez, J. A. et al. MACS-a new high intensity cold neutron spectrometer
at NIST. Meas. Sci. Technol. 19, 034023 (2008).

58. Ehlers, G., Podlesnyak, A. A. & Kolesnikov, A. I. The cold neutron chopper
spectrometer at the spallation neutron source-a review of the first 8 years of
operation. Rev. Sci. Instrum. 87, 093902 (2016).

59. Hong, T. et al. Effect of pressure on the quantum spin ladder material IPA-
CuCl;. Phys. Rev. B 78, 224409 (2008).

60. Hong, T. et al. Neutron scattering study of a quasi-two-dimensional spin-1/2
dimer system: Piperazinium hexachlorodicuprate under hydrostatic pressure.
Phys. Rev. B 82, 184424 (2010).

61. Zheludev, A. ResLib: Resolution Library for 3-axis Neutron Spectroscopy at
https://neutron.ethz.ch/Methods/reslib.html (2007).

62. Sandvik, A. W. Stochastic series expansion method with operator-loop update.
Phys. Rev. B 59, R14157-R14160 (1999).

63. Syljuasen, O. F. & Sandvik, A. W. Quantum Monte Carlo with directed loops.
Phys. Rev. E 66, 046701 (2002).

64. Alet, F., Wessel, S. & Troyer, M. Generalized directed loop method for
quantum Monte Carlo simulations. Phys. Rev. E 71, 036706 (2005).

65. Beach, K. S. D. Identifying the maximum entropy method as a special limit of
stochastic analytic continuation. Preprint at http://arxiv.org/abs/cond-mat/
0403055 (2004).

Acknowledgements

We gratefully acknowledge the insightful discussions with Ian Affleck, Collin Broholm,
Hongcheng Jiang, Masashige Matsumoto, Cenke Xu, and Guangyong Xu. We also thank
Matthew Collins, Michael Cox, Saad Elorfi, Cory Fletcher, Rick Goyette, Juscelino Ledo,
Christopher Redmon, Todd Sherline, Christopher Schmitt, Randall Sexton, Erik
Stringfellow, and Tyler White for the technical support in neutron scattering experi-
ments. A portion of this research used resources at the High Flux Isotope Reactor and
Spallation Neutron Source, a DOE Office of Science User Facility operated by the Oak
Ridge National Laboratory (ORNL). A portion of this research used resources of the
Spallation Neutron Source Second Target Station Project at ORNL. Access to MACS was
provided by the Center for High Resolution Neutron Scattering, a partnership between
NIST and NSF under Agreement No. DMR-1508249. The research is also supported by
Go! Student Program of ORNL.

Author contributions

T.H. conceived the project. M.M.T. prepared the samples. 1.U., G.J., and Y.U. measured
the AC heat capacity. T.H.,, QH., SED, Y.Q,, AP, MM,, YW, H.C, and Y.L. carried
out the neutron-scattering measurements. T.Y. and S.W. performed the quantum Monte
Carlo calculations. T.H.,, QH., D.A.T., G.-W.C,, K.P.S,, and S.W. analyzed the experi-
mental data. T.H. wrote the manuscript with contributions from all co-authors.

Competing interests
The authors declare no competing interests.

| (2022)13:3073 | https://doi.org/10.1038/s41467-022-30769-8 | www.nature.com/naturecommunications


https://neutron.ethz.ch/Methods/reslib.html
http://arxiv.org/abs/cond-mat/0403055
http://arxiv.org/abs/cond-mat/0403055
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30769-8.

Correspondence and requests for materials should be addressed to Tao Hong.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:3073 | https://doi.org/10.1038/s41467-022-30769-8 | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-022-30769-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Evidence for pressure induced unconventional quantum criticality in the coupled spin ladder antiferromagnet C9H18N2CuBr4
	Results
	AC heat capacity and neutron diffraction results under pressure
	Inelastic neutron scattering results under pressure
	Quantum Monte Carlo simulations

	Discussion
	Methods
	Single crystal growth
	AC heat capacity
	Neutron scattering measurements
	Data analysis
	Quantum Monte Carlo calculations

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




