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ABSTRACT

Compelling efforts to improve the critical temperature (7,) of superconductors have
been made through high-pressure application. Understanding the underlying
mechanism behind such improvements is critically important, however, much
remains unclear. Here we studied ortho-II1 YBa,Cu304.7; (YBCO) using x-ray
scattering under hydrostatic-pressure (HP) up to ~6.0 GPa. We found the reinforced
oxygen order of YBCO under HP, revealing an oxygen rearrangement in the Cu-O
layer, which evidently shows the charge transfer phenomenon between the CuO;
plane and Cu-O layer. Concurrently, we also observed no disorder-pinned charge
density wave (CDW) signature in CuQO; plane under HP. This indicates that the
oxygen rearrangement modifies the quenched disorder state in the CuQO, plane.
Using these results, we appropriately explain why pressure-condition can achieve
higher 7. compared with the optimal 7. under ambient pressure in YBa;Cu3Og:x. As
an implication of these results, finally, we have discussed that the change in disorder
could make it easier for YBa;Cu3Og¢:« to undergo a transition to the nematic order

under an external magnetic field.



I. INTRODUCTION

Since high-temperature superconductivity (HTSC) in La-based cuprate was discovered in
1986 [1], cuprates have been a significant focus of the HTSC research activities aiming
for further improvement in 7, [2-5]. The highest reported 7, at ambient pressure is 134 K
in Hg-based cuprate [6]. Meantime, the current record-setting 7, at 203 K in the sulfur-
hydride system was recently reported under high-pressure application [7]. Indeed,
pressure-induced 7, changes have also been reported in many cuprates [8-12]. For
example, the Hg-based cuprate, HgBa,Ca,Cu30s.5, shows T, increase up to 164 K at 31
GPa [9]. In YBa,CuyOg (T, = 80 K at ambient pressure), 7. increases up to 108 K at 10
GPa [10]. Therefore, concurrent with efforts that survey a large number of materials in
varying compositions, applying high-pressure to the superconducting materials has
emerged as a promising approach that can efficiently improve superconductivity.
Nevertheless, ‘why does T, change upon compression?’ is an essential and fundamental

question that still needs to be addressed.

Archetypal Y-based cuprate, YBa,Cu3Og+,, has been the active subject of many
high-pressure HTSC investigations in both experiments [11-18] and theories [14,19-23],
aiming to address this question. This is in part due to YBa,Cu3Og:, being widely
appreciated as one of the cleanest cuprates [24-26]. Figure 1(a) represents the 7, behavior
for YBa,Cu3Og+, without and with high-pressure (P = 0 and P > 0, respectively) [11-
17,27]. The T, is increased up to the optimal doping (where p ~ 0.165, x ~ 0.91) upon
compression. Above the optimal doping range, compression reduces the 7;.. According to
the previous reports [13,14,27], such 7. change has been mainly attributed to the change

in bonding lengths along the c-axis, in particular, the distance between the Cu-O chain



layer and CuO; plane [Fig. 1(b)]. Compression brings the Cu-O chain layer closer to the
CuO; plane, which enhances charge transfer between the planes, leading to additional
hole-doping in the CuO; plane, as theoretically explained [14,20-23]. In this context, the
decrement of 7 in the overdoped regime (i.e., dT./dP < 0) is well explained by the
increment of hole doping through external pressure [11,12]. In addition, the in-plane
oxygen movement in the structurally disordered Cu-O chain layer is considered as an
additional hole-doping source into the CuO, plane. Simultaneously, such compression
induced oxygen movement modifies the oxygen order in YBCO [14-16,18,23,28].
However, this hypothesis is not fully established yet, due to the absence of direct
experimental evidence. Moreover, the reported maximum 7; under high-pressure
(T.™|p>0 ~ 107 K in YBayCu3O¢ 6 and p ~ 0.134) [12,17] is considerably higher than that
under ambient pressure (7. [p-o ~ 94 K) [27]. This indicates that charge transfer
mechanism (i.e., doping change) is unlikely the sole reason for the pressure-induced 7,
improvement. This is because, if the change in 7. upon compression is only driven by the

doping, the 7."|p-o must be the same with or, at least, similar to the 7.

|p=0. In this
context, a charge density wave (CDW) within the CuO; planes, which is competing with
YBCO'’s superconductivity [29-39] and understood as the reason of the 7 plateau around
p ~ 1/8 [29-31,34,39], has been recently proposed as an additional driving force for the 7,
change under high-pressure [17]. In addition, the pressure-induced 7, change would be
associated with the magnetic interactions between Cu spins, which are ultimately
responsible to the superconducting mechanism in cuprates, expecting that this may be

revealed through the observation of the change of excitation spectrum by inelastic

neutron or X-ray scattering experiments under high pressure [40,41]. However, there is a



lack of evidence to support these proposals. As a result, we are still in early stages of
understanding the underlying mechanism(s) for the pressure-induced 7, changes.

In this work, we performed x-ray scattering measurements on an under-doped
YBa,Cu;306.73 (YBCO) ortho-III crystal (p ~ 0.13, 7. ~ 70 K). We observed that the
pressure modifies the disorder state in YBCO, leading to an enhancement of oxygen
ordering in the Cu-O layer and a suppression of disorder-pinned CDW fluctuations in the
CuO; plane. Through these results, we could verify the role of the structural disorder.
Finally, we understand the reason why pressure can increase the 7, in YBa,Cu3Og;, to a

level that is considerably higher than the optimal 7, under ambient pressure.

II. EXPERIMENTAL DETAILS

High-quality single crystals of YBa,Cu3O¢ 73 were grown by self-flux method using Y,03
crucible [42,43]. The oxygen content (x) was controlled by the annealing condition under
oxygen flow atmosphere. The superconducting transition temperature 7, was determined
by the magnetization measurements using SQUID magnetometer (MPMS3). The
measured YBCO crystals annealed at 630 °C for 7 days show sharp superconducting
transitions with 7. ~ 70 K. Since this single crystal prepared by the same method shows
the first-order vortex lattice melting transition and sharp diffraction peaks, the single
crystals studied in this work are clean and highly crystalline. The crystal was a twinned
sample but twinned domains could be easily distinguishable by x-ray diffraction. It is
because the lattice parameters a and b are quite different (more than 1 %, Fig. 2(c)) and

the oxygen order wavevector is only along / direction.



For this study, we employed two scattering approaches; resonant soft x-ray
scattering (RSXS) and high-pressure hard x-ray diffraction. First, the RSXS experiments
were performed at beamline 13-3 of the Stanford Synchrotron Radiation Lightsource
(SSRL). The ex situ cleaved YBCO crystal was mounted on an in-vacuum 4-circle
diffractometer and cooled down with an open-flow liquid helium cryostat. (4, 0, /)
scattering plane was explored by rotating sample angle () after aligning the crystalline
ac-plane parallel to the scattering plane. Two-dimensional (2D) CCD detector was
utilized to detect a diffraction pattern over a wide reciprocal space. The center of CCD
was fixed at the scattering angle, 26 = 156°. Because of quasi two-dimensional nature of
the oxygen order and CDW [34,44], the peaks are observed in broad /-range, and the
value (/ = ~1.4 in current experiment) is determined by the 26 position. The photon
polarization was perpendicular to the scattering plane (c-polarization), which ensures
strong signal for both the oxygen order and charge density wave (CDW) [31]. Second,
the high-pressure hard x-ray diffraction experiments were performed at beamlines 16-ID-
B and 16-BM-D of the Advanced Photon Source (APS). The YBCO single crystal with
dimensions of a X b x ¢ = 80 x 60 x 40 um3 was mounted in the diamond anvil cell (DAC)
with compressed helium gas loaded as the pressure-medium to ensure the hydrostatic-
pressure (HP) environment up to our maximum pressure [45]. The DAC system was also
installed on the open-circle cryostat, aiming for detecting a CDW signal around 7. The
30 keV, high-energy x-ray, and a large 2D area detector were utilized to ensure that the
hk-diffraction pattern could capture many of the lattice Bragg peaks, as well as the

oxygen order patterns.



ITI. X-RAY SCATTERING RESULTS AND DISCUSSION

In YBa,;Cu3Og4y, structural properties such as oxygen order and CDW have been widely
appreciated as important ingredients for understanding its superconductivity. As a first
step, we investigated these properties at ambient pressure in YBCO using the Cu L3;-edge
RSXS. In the ideal ortho-III structure in YBCO, two fully filled (F) Cu-O chains and an

oxygen-empty (£) Cu-line along the crystalline b-axis in the Cu-O chain layer show a

panel), resulting in oxygen order with the wavevector ¢ = 1/3 [31,43]. In this YBCO, we
observed an oxygen order peak at Qoo = (-0.33, 0, /) under 300 K and P = 0 GPa [Fig.
1(c)]. Since CDW is also considered as an additional driving mechanism for
understanding the 7. improvement under compression [17], we investigated CDW order
in this YBCO. Figure 1(d) shows the short ranged CDW order at Qcpw = (-0.31, 0, /) at
T. =70 K. These scattering observations are consistent with previous reports [31,34].
Note that the same CDW order in this doped YBCO was reported in hard x-ray scattering
study under ambient pressure [32].

To explore the change in YBCO properties under high-pressure, hard x-ray
diffraction measurement with 30 keV photon energy was performed on the same crystal.
Figure 2(a) shows the scattering geometry (transmission-configuration). As the volume of
crystal unit-cell shrinks under compression generally, we infer accordingly that the
positions of the lattice Bragg peaks move to larger 26 angle. As shown in Fig. 2(b), both
26 angles of YBCO’s in-plane Bragg peaks, (2, 0, 0) and (0, 2, 0) move toward the larger
angles. Interestingly, the pressure-induced 26 shifts are different to these (2, 0, 0) and (0,

2, 0) reflections. With increasing the HP, the shift of (2, 0, 0) is larger than that of (0, 2,



0) [Fig. 2(c), upper-panel]. This indicates that the reduction of the lattice parameter along
the a-axis is greater than that along the b-axis, increasing the orthorhombicity (b/a) of

YBCO even with HP (i.e., isotropic pressure) [Fig. 2(c), lower-panel].

Under HP condition, the change in orthorhombicity brings our attention to
exploring the oxygen order of YBCO. This is because, as shown in Fig. 1(b), the
orthorhombic structure of YBCO is directly correlated with the Cu-O chain layer that has
the intrinsic anisotropy (chain) feature. For this reason, we explored the oxygen order in
YBCO to investigate whether it could be related to the increase in orthorhombicity under
HP. Figure 3(a) shows the oxygen order patterns at Qoo = (3-¢, 0, /) at 1.0 and 5.8 GPa at
room temperature. Note that the entire patterns are shown in Fig. 1(a). Due to the intrinsic
quasi 2-dimensional feature of the oxygen order [44], the /-value is rather insensitive to
observe the oxygen order. Relatively, the intensity of the oxygen order peak (i.e., peak
height) gets stronger at P = 5.8 GPa, while a change of the peak-width (i.e., correlation
length) along either the /4 or k-direction is not obvious. For better statistics, we analyzed
more oxygen order peaks within our detectable windows, which are summarized in Fig.
3(b). Under HP condition, we could find the clear enhancement of the oxygen order
peaks’ intensity compared with the zero pressure level. Note that the absolute values of
the peak-height (y-axis) have been shifted for comparison together and displayed in Fig.
3(b), because of their different geometric effects as well as the different scattering
structure-factor related with the corresponding nearest lattice Bragg peaks. From this
result, we infer that the compression causes an oxygen re-distribution inside the Cu-O

chain layer. Moreover, as shown in the inset of Fig. 3(b), the width change is not clear,



also inferring that a changing in domain size of the oxygen order under HP is negligible
in this experimental resolution.

In order to gain further insight into the changes in the oxygen order under HP, we
simulated the diffraction patterns of the oxygen order in reciprocal space by varying the
oxygen distribution in the Cu-O layer (i.e., real-space). For this simulation, we employed
2-dimensional cell by 12 (a-axis) x 36 (b-axis). Since the width-change is not
experimentally obvious in our resolution, we have constrained the fixed domain size (i.e.,
the finite cell-size) for this simulation. Besides, to make simple ortho-III structure,
oxygen atoms filled 2/3 of cell spaces and F—F—E—F—... chain patterns of oxygen
distributions were generated along the a-axis. The number of oxygen atoms in ' and £
chains was controlled by ‘randomness’ — defined by [(number of oxygen atoms in empty
chains) / (2/3 < number of sites in all empty chains)]. For example, 50 % randomness
means that 1/3 of cell spaces in the empty chains are filled by the oxygen while the zero-
randomness indicates no-oxygen in the empty chains — i.e., the ideal ortho-III case [Fig.
4(a)]. In other words, this randomness is how much different from the ideal (i.e., perfect
case) ortho-III structure in the Cu-O layer.

Figure 4(b) shows the simulated oxygen order diffraction patterns on two cases —
50 % randomness (left-panel) and 25 % (right). As reducing the randomness (i.e.,
oxygen’s locations are at the proper place), the pattern becomes strong and clear.
Moreover, with varying the randomness, we could systematically trace the height of the
oxygen order peak [Fig. 4(c)]. Note that aiming for avoiding unrealistic cases (e.g., no-
oxygen order (i.e., 100 % randomness) or ideal ortho-III structure), the oxygen order

patterns between 75 % and 25 % randomness have been tested. In this simulation, overall



oxygen order behaviors resemble the experimental observations in the oxygen order
under HP, as shown in Fig. 3(a). This analogy between the experiment and the simulation
indicates that the randomness of oxygen distribution in the Cu-O chain layer is
decreasing under HP. In this context, the reduced randomness by HP improves oxygen
ordering, leading to the anisotropic stacking force in Cu-O layer (i.e., a bonding length
changes [46]), which would increase the orthorhombicity [47,48].

Furthermore, the oxygen rearrangement in the Cu-O chain under HP affects the
charge configuration in the Cu-O chains, as well as a distance between Cu-O layer and
CuO; plane [13]. Concurrently, the electronic structure (e.g., valence band) of Cu atoms
can be varying, depending on whether Cu is adequately bonded with O or not [46,49].
Figure 5 shows a schematic diagram of Cu states’ modification. While the oxygen
rearrangement happens in the Cu-O chain, additional electrons transfer from the CuO,
plane into the Cu-O chain layer to maintain the charge neutrality. Eventually, this HP
effect causes an extra hole doping effect in the CuO, plane, leading to an increase of 7 of

underdoped YBa,Cu3Os¢y,.

To understand the 7."*|p~¢ behavior in YBCO which is higher than 7. |p- (see
Fig. 1(a), and corresponding the text), however, in fact, this charge transfer may not be
solely a reason. As we discussed in the introduction, the natural interpretation is that
decreased strength of the CDW order turns to increase 7. more. In this sense, we
investigated a CDW under HP. Note that this YBCO shows the clear CDW under the
ambient pressure [see Fig. 1(d)]. Figure 6(a) shows the diffraction patterns around Q =
(3+qCDW, 0, /) under P = 1.0 GPa (top-panel: 7= 150 K, middle: 70 K ~ 7¢.). Where, the

qCDW is around 0.31 r.l.u. Note that a scattering signal of CDW in YBa,Cu3Og-, is

10



maximized around 7, [34]. While the oxygen order is clearly seen at both temperatures,
no CDW signature has been seen in our detecting resolution. To confirm whether there is
no signature or not, we also plot a difference (bottom-panel) between two temperatures. It
only shows a tiny residual signature of oxygen order. There are two possibilities
(extrinsic and intrinsic) to explain this CDW absence. First, the extrinsic reason is that the
generally weak CDW signal is buried by a high background signal from diamond in the
DAC. Second, the intrinsic reason can be that the suppressed CDW is due to HP effect.
Unfortunately, at this moment, we cannot distinguish them clearly. However, considering
the recent inelastic x-ray scattering result [50], the suppression of CDW at even lower
pressure is likely intrinsic. In addition, our results support this behavior seems to be
intrinsic. Since the fact that the modified structural disorder in the Cu-O layer (i.e.,
oxygen rearrangement) affects the charge distribution (i.e., charge-density potential) in
the CuO; plane, the quenched disorder in the CuO, plane, which originates from the
charge potential of defects [37], is correspondingly modified through the pressure. This
circumstance may reduce the pinning centers for CDW fluctuation in the CuO; plane
[36], suppressing the disorder-pinned CDW fluctuation, which is consistent with the
theoretical predictions [33,37,38]. As a consequence, we come to an answer to the initial
question we posed. There are two factors contributing to the compression induced 7.
change. Firstly, in agreement with the previous works [14,20-23], high-pressure
promoted the charge transfer (i.e., hole-doping into the CuO, plane) leads to the
increment in 7. Secondly, the quenched disorder state is modified, resulting in the

suppression of the CDW. Subsequently, due to the competing nature between YBCO’s
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superconductivity and CDW [29-39], 7."**|p>0, which is even higher than the optimal 7.

at ambient pressure, can be achieved through compression.

Finally, we try to extend these results to reconcile the broader context of CDW
phenomena in underdoped YBa,Cu;Og:, [see Fig. 6(b)]. Considering theoretical
predictions [51] and corresponding experimental results [39], the ideal CDW state (i.e.,
ground state) in YBCO is of long-range, anisotropic (or nematic) ordering when
superconductivity is suppressed by the external magnetic field (H-field). Theoretically,
this nematic order also prefers structural nematicity (i.e., orthorhombicity) [37]. By
enhancing YBa,;Cu3Og+,’s orthorhombicity under hydrostatic-pressure, it would become
easier to develop nematic order in compressed YBCO (state-1I, labeled in Fig. 6(b))
compared to ambient pressure YBCO (state-I). On the other hand, the oxygen
redistribution in the Cu-O layer under high-pressure suppresses the disorder-pinned CDW
fluctuating portion. Therefore, we infer that a pressure condition causes to decrease the
disorder strength (o) [37,39,51] in the CuO; plane, which is reasonably proportional to or
dominated by the quantity of the structural disorders in Cu-O chain layer [36,52].
Ultimately, the energy cost for developing the nematic order at the state-II (£, 1.e. H-
field strength) can be smaller than that at the state-I (£7) [39], which is well supported by

our findings (i.e., oy < oy and Ay < Ay).

IV. SUMMARY

In summary, we present the detailed study of structural disorder in YBCO using x-ray

scattering under high-pressure. We observed the enhanced oxygen order under

12



hydrostatic-pressure, resulting in the broken of quenched disorder state and the decreased
disorder which leads to changes in the hole-doping as well as the weakening of the CDW
fluctuation. These findings suggest the underlying mechanism of the pressure-induced 7,
change in YBCO. Simultaneously, the pressure-induced clean-nature (i.e. suppressed
disorder) could be favorable to the development of nematic order in YBCO. This
potential development suggests that there is a pressure threshold, above which further

compression has limited influence on T..
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FIGURE-Captions

Fig. 1: (a) T, phase diagram of YBCO with/without the high-pressure. The arrows
indicate the optimal 7, values. The black circles denote ambient pressure data [27]. Red-
colored filled (opened) circles are at 15 GPa (2 GPa) [12,17]. (b) The crystal structure of
YBCO (left) and extended drawings of the Cu-O chain layer with the oxygen order and
CuO; plane with CDW. (c,d) RSXS data — Ortho-III oxygen order and CDW — measured
at 933.7 eV and 930.8 eV, respectively. Dashed lines indicate peak-positions of the
oxygen order (at 2 =-0.33 r.l.u.) and CDW (at & =-0.31 r.L.u.). Solid lines are curves

fitted to the data.

Fig. 2: (a) Transmission geometry for x-ray diffraction at hydrostatic high-pressure.
Images show 2D diffraction patterns obtained at 1.0 GPa and 5.8 GPa. Black lines on
diffraction patterns are the shadows of the beamstop. (b) Zoomed images of lattice peaks
—(2,0,0) and (0, 2, 0). Dashed and dotted lines denote positions of 26, at 1.5 and 5.8
GPa, respectively. (c) Pressure dependent a- and b-axis lattice parameters (upper panel)
and b/a ratio, i.e. orthorhombicity (lower). Note that data at P = 0 (closed circles) are

obtained from the RSXS. Error bars correspond to 1 standard deviation (SD).

Fig. 3: (a) Experimental patterns of the oxygen order at (4, k) = (3-¢g, 0) with ¢ = 0.33
with 1.0 and 5.8 GPa. (b) Summary of fitting results on five oxygen order peaks with
varying pressure. The value of height is vertically shifted for comparison. Inset shows the
full-width half maximum along the k-direction. Note that the red colored shading, and

data point at P = 0 (closed symbol) are estimated from the RSXS.
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Fig. 4: (a) Modeled ortho-III structures with 50 % (left) and 0 % (right) randomness. (b)
Simulated diffraction patterns of the ortho-III structures with 50 % and 25 % randomness.

(¢) Summary of the height of simulated oxygen order peaks as a function of randomness.

Fig. 5: Schematic drawing of charge transfer between Cu-O chain layer and CuO, plane
upon HP. Curved black arrow represents the oxygen movement. The semitransparent
arrows schematically represent the charge (electron) transfer from CuO; plane to Cu-O

layer (i.e., hole-doping of CuO, planes).

Fig. 6: (a) hk-diffraction pattern by 30 keV x-ray under P = 1.0 GPa. The bottom panel is

extracted by subtracting 150 K data (top) from 70 K data (middle). White dashed-lines
denote the CDW g-position. (b) Schematic CDW phase diagram (more details in Ref.
[39]). The green arrow along the CDW strength (A) axis and the orange arrow along the
disorder strength (o) axis indicate the directions of pressure effect. Blue and red (dotted)
arrows denote total-pressure and magnetic field effects, respectively. Note that state-I and

state-1I denote the ambient and compressed YBCO state, respectively.
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