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Deconfined quantum critical point lost in
pressurized SrCu,(B0O3),
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The deconfinement quantum critical point (DQCP), a paradigm beyond the Landau-Ginzburg-Wilson
framework to classify states of matters, has been attracting extensive attention over the past two
decades. Experimentally, SrCu»(BOx), plays key roles in verifying the DQCP between an antiferromagnetic
(AF) Néel phase and a plaquette-singlet (PS) phase. However, the verification of the DQCP of the PS-AF
transition lies in 2.4 - 3.1 GPa, which is unreachable previously due to technical limitations. Here, through
the advanced high-pressure heat capacity measurements, we demonstrate that the PS-AF phase
transition of SrCu,(BOxs), at zero field is clearly first-order. Our result clarifies the two-decade-long debates
about this key issue and resonates nicely with recent theoretical consensus that the previously predicted
DQCPs in representative models are actually first-order transitions. Besides, the PS and AF phases transit
at the same pressure-temperature point, a bi-critical point found in frustrated magnets.

The deconfined quantum critical point (DQCP) is a concept to describe the
continuous phase transition between two different spontaneous symmetry-
breaking phases in correlated materials at zero temperature'”. It is char-
acterized by the absence of confinement, i.e., the state of elementary exci-
tations carries fractionalized quantum number and interacts via emergent
gauge field—different from those as predicted by the conventional phase
transitions”. The concept of the DQCP attracts widespread attention
because it gives rise to exotic states of matters, along with the Berezinskii-
Kosterlitz-Thouless (BKT) transition”’, anyon condensations® and those
in topological insulators and high-temperature superconductors, challen-
ging the conventional understanding of matter within the paradigm of
Landau-Ginzberg-Wilson (LGW) where symmetries and their sponta-
neous breaking are the dominated factors. Fractionalization and emergent
gauge fields of DQCP also have potential applications in quantum com-
puting and quantum information.

In the past two decades, investigations on DQCP have been active, as
enormous efforts have been made to explore various theoretical models and
experimental systems to realize the DQCP and its associated
consequences'*>’. However, a key question about whether the proposed
DQCP models really host a continuous phase transition corresponding to a
true conformal field theory (CFT) remains controversial. Previous results
suggest that the DQCP is realized in some 2D quantum spin or interacting
Dirac fermion lattice models' and the transition of two different

spontaneous symmetry-breaking phases appears to be continuous, but the
finite-size scaling is not consistent with regular scaling ansatz'*'**, and the
extracted scaling dimensions are incompatible with later evaluations based
on conformal bootstrap™. The controversy is more clearly revealed very
recently that the DQCP “fails” a series of general standards from a quantum
entanglement perspective that all CFTs are expected to meet™~°, and further
theoretical developments find that previously predicted DQCPs in repre-
sentative spin lattice models are weakly first-order transitions®'. Such
recent consensus seems to conclude the nature of the Neel-to-VBS transi-
tion in the spin DQCP model after two decades of debating.

At the experimental frontier, material realizations and detections of the
DQCP are equally active. Among quantum magnets, the layered material,
SrCu,(BO3),, is an ideal candidate for realizing DQCP due to its unique
crystal structure”™*. As shown in Fig. 1a, b, Cu’" ions (in 3d’ configuration)
in monolayer SrCu,(BO3), form a dimerized singlets (DS) state at ambient
pressure, which couples the Cu** with a strong intradimer anti-
ferromagnetic coupling J' and a weaker interdimer coupling J. The 2D
network of the Cu*" ions resembles the famous Shastry-Sutherland (SS)
lattice”, as shown in Fig. 1b. Application of pressure (P) can change the
lattice constants of the material and consequently alter J and J”. Previous
works established the empirical relations of J'(P)= (75— 8.3P) K and
J(P) = (46.7 — 3.7P) K, with P being in GPa, basing on the data of high-
pressure heat-capacity measurements’”. By applying hydrostatic pressure
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Fig. 1 | SrCu,(BO3), structure, Shastry-
Sutherland lattice, and the related ground-state
phase diagrams. a Single layer of SrCu,(BO3),,
where the intradimer Cu**-Cu’" interaction is
labeled by J while the interdimer interaction by J.
b Dimerized singlet (DS) state formed by Cu** in
SrCu,(BO3),, in which J' is stronger than J at
ambient pressure. The lattice is also the Shatry-
Sutherland lattice. ¢, d The emerging states, PS and
AF as J/J increases. Note that in the PS phase, only
polygons with one of the four colors, yellow, beige,
teal, and cyan, form singlets and break the transla-
tional symmetry of the SS lattice. In the AF phase,
the on-site spin rotational symmetry is broken.

e Phase diagram of SS model by exact diagonaliza-
tion and density matrix renormalization group
calculations™*, where the transitions are all
first-order.
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above 1.8 GPa, SrCu,(BO;), enters a plaquette-singlet valence bond state
(VBS) (one of the four colors in Fig. 1c). Upon further increasing the
pressure to above 3.1 GPa, the system transforms to an AF state™ (Fig. 1d).
However, due to technical limitations in the practical high-pressure mea-
surements, the most important information about the nature of the PSto AF
transition, which lies in the unreachable pressure range of 2.4-3.1 GPa,
remains unknown.

Recent experimental works show that the application of a magnetic
field perpendicular to the ab-plane can also trigger the transition of the
SrCu,(BO3), from the PS phase to the AF phase when subjecting pressure in
the PS phase™*, exhibiting proximate critical yet first-order features. It was
hypothesized that this weak first-order transition could eventually connect
to a true DQCP or even a quantum spin liquid (QSL) phase close to or along
the pressure axis*’. However, recent theoretical developments have pointed
out that at zero-field, the Néel-to-VBS transition in the DQCP spin model is
a first-order one®™, In this sense, these previous experimental works are
preparational in that they have identified the two spontaneous symmetry-
breaking phases (PS and Néel), and have set the stage for the conclusive
answer of how these two phases transit. If the transition is continuous, then
the DQCP is verified, and the paradigm beyond Landau is established.
However, if the transition is first-order, then Landau is still right after all
these years. We provide a conclusive answer in this work.

Results and discussion

High-pressure thermodynamics

To clarify this key puzzling issue of whether the PS-AF transition at zero
field is a beyond-LGW DQCP or an LGW-allowed first-order transition

experimentally (see the theoretical counterpart of the SS model in Fig. le)
and to shine light on the overall ground-state phase diagram of the spin-1/2
SS model™***, and further to clarify whether SrCu,(BO3), host an inter-
mediate QSL phase between the AF and PS phases®™, in this work, we
perform high-pressure heat-capacity measurements using an advanced
technique, which allows us to measure the sample in a hydrostatic pressure
environment with the pressure continuously tuned to above 3.1 GPa and the
temperature down to 0.4 K. In particular, our redesigned high-pressure cell
possesses a bigger sample chamber, which enables the load of a larger sample
and provides a better pressure environment. Significantly, our redesigned
high-pressure cell can reach pressures up to 3.1 GPa, exceeding the 2.5 GPa
limit of commercial piston-cylinder high-pressure cells (the details can be
found in Methods, Supplementary Method 1 and Fig. 1, Supplementary
Method 2 and Fig. 2). We focus our measurements in the pressure range of
24- 3.1 GPa, and show that the PS-AF phase transition of SrCu,(BO;), at
zero field is clearly first-order. Our result clarifies the two-decade-long
debates about this key issue and resonates nicely with the recent theoretical
consensus that the previously predicted DQCPs in representative lattice
models are actually first-order transitions.

As shown in Fig. 2 (Supplementary Data 1), the plots of the tem-
perature dependence of heat capacity versus temperature (C/T) display a
hump below 1.8 GPa as the temperature is reduced (Fig. 2a, b), the max-
imum of which is associated with the formation temperature (Tps) of the
dimer singlet phase from paramagnetic (PM) phase'™**. Upon
increasing pressure to 2.1 GPa, there are two peaks appearing at low tem-
peratures. The high-temperature one is related to the onset transition
temperature from the PM phase to the PS liquid (PSL) state (Tpsy), and the
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Fig. 2 | The results of temperature (T) dependence of high-pressure heat capacity
(C) of SrCu,(BO3),. a, b are the plots of C/T versus T measured at 0.9 and 1.4 GPa,
which show the typical characteristic of the dimmer singlet (DS) phase. The position
of the maximum of the hump (Tps) signifies the formation temperature of the DS
phase. (c—e display the pressure-induced two transitions upon cooling measured at

2.1, 2.5, and 2.6 GPa. The high-temperature peak relates to the plaquette-singlet

liquid (PSL), while the low-temperature peak is associated with the plaquette-singlet
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phase (PS). The sharp PSL peak at 2.1 GPa relates to a critical point or a terminal
point of phase boundary™. f, g are the results obtained at 2.7 and 2.75 GPa,
respectively, illustrating the emergence of the antiferromagnetic (AF) phase. The
insets show the transitions at low temperatures for a better view. h presents the
results of C/T at 3.1 GPa, exhibiting an AF ground-state below Ty and an anti-
ferromagnetic liquid phase below the crossover temperature T
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Fig. 3 | Pressure dependence of gap extracted from low-temperature fits to C/T.
The red squares and purple diamonds are the data obtained from this work, and the rest
symbols are the data from refs. 37,38. The three insets are the plots of C/T versus tem-
perature measured at three typical pressures with the fitting details at low temperatures.
Here, Crepresents the heat capacity, T'is the temperature. The error bars associated with the
gap reflect a thorough consideration of the fitting ranges and consistency with experimental
data. The error bars related to pressure account for the temperature uncertainty in the
superconducting transition temperature T, measured for Pb.
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low-temperature peak is associated with the transition temperature of PSL-
PS (Tps). These two states present in the range of 2.1-2.6 GPa (Fig. 2c-e).
The sharp PSL peak with significant intensity at 2.1 GPa exhibits char-
acteristics of a critical point (a terminal point of phase boundary)®, and it
broadens and decreases with further compression. At 2.7 GPa, an AF phase
appears at a temperature slightly lower than Tpg (Fig. 2f). It seems that the
three phases, AF, PS, and PSL phases are compatible (Fig. 2f). Such a feature
can be observed until 2.75 GPa (Fig. 2g). At 2.9 GPa and above, the PS phase
no longer exists (the reason will be discussed below), but the AF phase
prevails (Fig. 2h). A hump feature is also observed at the temperature higher
than Tr. We define the temperature at the maximum of the hump as the
onset temperature of the AF liquid state (Txrr), below which the spins start
to establish the effective AF interactions but have not been ordered yet’. The
true AF long-range order is established below the T peak, as shown in
Fig. 2h for 3.1 GPa. We reproduce the experimental features with a different
sample cut from a different batch (see Supplementary Note 1 and data
shown in Supplementary Fig. 3).

The low-temperature data of C/T are fitted by the form™:
CIT=ay+ a;T* + (ay/ T*)exp(—A/T), where the first two terms of C/T
account for contributions from electrons and phonons of wire, heater and
sample, and the third term from sample’s gap. A is the activation gap and ay,
ay, and a, fitting parameters. Figure 3 (Supplementary Data 2) shows the
extracted gaps (red squares and purple diamonds) along with the coun-
terparts reported previously’’ ™, revealing that both DS and PS phases are
gaped, being in good agreement with both experimental and theoretical
results”***"*** The clear drops in the gap at the boundaries of the DS-PS
and PS-AF phase transitions further confirm that these transitions are first-
order. Mind that the system may resolve a tiny activation gap due to tiny
pressure inhomogeneity or sample impurity in the AF phase. Considering
that the values of the tiny gaps are less than the transition temperatures, as
shown in Fig. 2, a homogenous and clean system is therefore gapless when
P>2.7GPa. The gapless state is the hallmark of the existence of the AF
phase based on the gapless Goldstone modes™.

Phase diagram
We summarize our experimental results in the phase diagram (Supple-
mentary Data 3 and Fig. 4). All the data shown in the main panel are from

P (GPa)

Fig. 4 | The complete P-T Phase diagram of SrCu2(B03)2. The acronyms PM, DS,
PSL, PS, AFL, and AF stand for paramagnetic, dimer singlet, plaquette-singlet liquid,
plaquette-singlet, antiferromagnetic liquid, and antiferromagnetic phases, respectively.
P, represents the pressure of the first-order transition. The solid and half-filled markers
are the data obtained from two samples separately in this study, while the hollow ones are
the data obtained from our previous study ™, all of which are in good agreement. The error
bars related to pressure account for the temperature uncertainty in the superconducting
transition temperature T, measured for Pb. The temperature error is determined based
on the accuracy of the temperature sensor. The purple solid line, which goes through the
data points of Tpg, Tpst, and Tagy, (the crossover scale of the AF correlation, denoted by
the green triangles), is from an ED calculation on the SS model with functions of J(P) and
J(P) mentioned above™. The inset zooms in the transition near the boundary of the PS
phase and AF phase. The red star is the critical pressure point of 2.78 GPa, which is
determined by an extrapolation of onset temperatures of the PS phase and AF phase (see
red and green dash lines).

heat-capacity measurements, in which the solid and half-filled markers are
the data obtained from two samples separately in this study, while the open
markers are the results from our previous study™. Mind that most error bars
are smaller than corresponding makers, except those in the inset. All data
measured on the different samples are well consistent with each other. There
are three regimes in the phase diagram: below 1.8 GPa, the ground-state of
SrCu,(BO;), holds the DS phase (the left regime); at pressure of about
1.8 GPa, the system enters the PS phase (the middle regime); further
compression to about 2.7 GPa, the AF phase sets in and stabilizes up to
4 GPa. To understand the details of the PS-AF phase transition, we zoom in
on the phase diagram near the boundary of these two phases as the inset of
the main panel. A coexistence of PS and AF phases is observed in a very
narrow pressure range. To find the precise pressure point for the PS-AF
phase transition, we extrapolate the plot of temperature versus pressure for
the two phases near the boundary (see red dash and green dash lines), which
gives rise to an intersection located at 2.78 GPa. This intersection, marked by
ared star, is defined as the critical pressure for the PS-AF phase transition. It
is apparent that at a pressure above 2.78 GPa, the PS phase completely
transforms into the AF phase.

We find the transition from the PS phase to the AF phase is not a
quantum critical point, but a sudden change from one phase to the other.
Moreover, the drop in the gap from the PS phase to the AF phase indicates a
jump in the free energy of the system. Those two aspects show that the PS-
AF transition in SrCu,(BO3), is clearly first-order, giving a decisive answer
on how the lattice translation symmetry-breaking PS phase evolves into the
spin rational symmetry-breaking AF phase. Such a scenario can also be
supported by the plots of heat capacity versus temperature measured at
2.7 GPaand 2.75 GPa (Fig. 2f, g), where the C/T (T) at Ty is getting higher
than that at Tpg as the pressure approaches the AF regime. These changes are
in concordance with the well-known behavior of a first-order transition.
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It is worth noting that the observation of the narrow overlap of the PS
and AF phases should come from the tiny inhomogeneity of the pressure
because SrCu,(BOs), is a pressure-sensitive material*’. A slight difference
in the pressure environment (the pressure at the center and the edges of the
sample) may influence the detected critical points of the two-phase transi-
tions. Fortunately, this by-product provides us a way to determine the
critical pressure/temperature point of the PS-AF transition, which meets at
nearly the same pressure/temperature point defined as the bi-critical point
in the phase transition theory. The observation of the bi-critical transition
between PSL-PS and AFL-AF phases in SrCu,(BO3), is reminiscent of what
has been observed in the Fe-based superconductor Cay;3Lag,;FeAs,”, in
which the sample undergoes a first-order transition from the AF phase to a
superconducting (SC) phase, accompanied by PM-AF and PM-SC transi-
tions at a bi-critical point. Another similar observation has also been made
in a heavy-fermion compound, YbAgGe®'.

Discussion

The observation of the pressure-induced first-order transition between the
plaquette-singlet phase and the antiferromagnetic phase in SrCu,(BO;),
delivers a clear message that the previously proposed DQCP is lost in this
pressurized material. In the recent theoretical developments of several
important DQCP lattice models, both quantum spin models™* and
interacting Dirac fermion models with Kane-Mele and plaquette
interactions”, one consistently finds that the seemingly continuous
transitions therein, irrespective of VBS to AF phases, or from quantum spin
Hall (QSH) to SC phases, where both sides are spontaneously symmetry-
breaking phases and the transitions are tuned by a single parameter, cannot
be compatible with more fundamentally “first-principle” tests as continuous
transitions with CFT description. These tests include the conformal boot-
strap bounds of critical exponents for emergent continuous symmetry and
the positivity requirement of the entanglement entropy”*~**. The messages
from these analyses imply that the DQCPs with their present lattice model
realizations are either first-order transitions or some other more complicate
scenarios, such as multicritical points and complex fixed points, which now
one does not have a completely controlled theoretical framework to cal-
culate their precise properties'*>*.

Our experimental results in this study, therefore, come as a great relief that
the PS-AF transition in pressurized SrCu,(BOs), at zero field is first-order,
putting the vital and final piece of the puzzle onto the phase diagram and
clarifying the two-decade-long debates on DQCPs of SrCu,(BOs), and related
models. Our results also resonate nicely with the recent quantum entanglement
understanding that the proposed DQCPs in 2D quantum spin or interacting
Dirac fermion models are eventually first-order transitions™ .

Besides, another interesting observation in this study is that the C/T
data measured at very low temperature (roughly the a, in the gap fitting
function) exhibits an enhanced value at the temperature around the bi-
critical point (see Supplementary Note 2 and date shown in Supplementary
Fig. 4). This might suggest there exist enhanced fluctuations in the vicinity of
the bi-critical point and might imply that, if one could further suppress the
bi-critical point by competing interactions or geometry frustrations, a
DQCP or even the speculated quantum spin liquid state separating the PS
and AF phases™ ™ could emerge. Similar behavior has been observed in the
bi-critical point of heavy-fermion compound YbAgGe® with the specific
heat, the Griineisen parameter, and the magnetocaloric effect. It is certainly
of significance to carry out the comparison on SrCu,(BO;), and
Cag73Lag »;FeAs, by distinguishing the commonness and peculiarity and
finding clues to understand the superconductivity in the proximity of the AF
phase. It is expected that our results will provide valuable experimental
foundations and theoretical inspirations for eventually extending the
paradigm of quantum phase transitions beyond Landau-Ginzberg-Wilson.

Methods

High-pressure heat-capacity measurements

In this study, a piston/cylinder-type high-pressure cell was employed for the
heat-capacity measurements up to ~3.2 GPa, as shown in Supplementary

Fig. 1. This high-pressure cell is integrated with our low-temperature and high
magnetic field systems, which allows us to cool the compressed sample as low
as 0.33 K with a magnetic field up to 14 T. Single-crystal SrCu,(BO;), samples
with dimensions of about 1.1 x 1.5 x 0.17 mmand 0.9 x 1.0 x 0.15 mm were
used for the two independent measurements, respectively. Constantan, a
convenient material with a weak temperature dependence in resistivity, whose
total change in resistance over the temperature range of measurements was
5%°>*, was used as the heater. In the experiments, we glued the constantan to
one side of the sample. The room temperature resistance (R) of the heater was
determined by measuring its length under a microscope and using the known
resistance per unit length of our wire, which was measured separately. Plati-
num wires with a diameter of 25 um were spot-welded to the ends of the
heater. A chromel-AuFe (0.07%) thermocouple was fixed on the other side of
the sample. Subsequently, the sample, together with a piece of Pb used for the
pressure determination of the sample was loaded into a Teflon capsule filled
with the liquid of glycerin/water (3:2) in order to maintain the sample in a
stable hydrostatic pressure environment within the pressure range up to
5 GPa®. Previous research on the hydrostatic homogeneity of this pressure-
transmitting medium has indicated that the standard deviation of pressure
below 3 GPa is less than 0.01 GPa®. Taking into account the temperature
error of T for measuring Pb, the overall measured pressure error in the
pressure range investigated is within 0.05 GPa.

During the measurements, we applied a sinusoidal alternative current
(AC) excitation I with a frequency f to the heater. The resulting temperature
oscillations AT in the sample with a frequency of 2f were detected by the
thermocouple, which is amplified by an SR554 preamplifier and then measured
by an SR830 lock-in amplifier™®”. This approach allows us to retrieve the
sample’s heat-capacity value by converting the heater’s modest temperature
oscillation into an AC voltage signal. Knowing input power (P, P = 'R), we can
calculate the value of P/(fAT), which directly relates to the heat capacity at the
optimal measurement frequency™”.

During the cooling process, adjustments were made to the optimal fre-
quency of the ac-power input to ensure necessary quasi-adiabatic conditions,
which are essential for accurate calorimetric measurements®. Further details
on the principles and methodologies used in the high-pressure heat-capacity
measurements can be found in the Supplementary Note 2. Moreover, we
adopted the relationship between the thermocouple’s Seebeck coefficient and
temperature at ambient pressure since the pressure effect on the thermocouples
is ignored, which is experimentally found very small®”’. The contribution of
the glycerin-water pressure-transmitting medium was estimated based on the
observed reduction in specific heat (1 K™') at the glass transition during
cooling. To isolate the effect of the medium surrounding the sample, separate
experiments were performed using only the liquid in the pressure cell. A map of
C(P,T) for the glycerin-water mixture was generated, enabling us to estimate its
contribution to the overall heat-capacity measurements.

Data availability

The data shown in Figs. 2-4 can be accessed in the online version of this
paper and its supplementary information files. Additional data supporting
the findings of this study can be obtained from the corresponding authors
upon request.
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