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The effect of hydrostatic pressure (P) on charge density waves (CDWs) in YBa,Cu30, has recently been
controversial. Using NMR, we find that both the short-range CDW in the normal state and the long-range CDW
in high fields are, at most, slightly weakened at P = 1.9 GPa. This result is in contradiction with x-ray-scattering
results finding complete suppression of the CDW at ~1 GPa and we discuss possible explanations of this
discrepancy. Quantitative analysis, however, shows that the NMR data are not inconsistent with a disappearance
of the CDW on a larger pressure scale, typically ~10-20 GPa. We also propose a simple model reconciling
transport data with such a hypothesis, provided the pressure-induced change in doping is taken into account. We
conclude that it is therefore possible that most of the spectacular increase in 7. upon increasing pressure up to
~15 GPa arises from a concomitant decrease of CDW strength.
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I. INTRODUCTION

High-T, superconductivity in the cuprates arises in close
proximity to a charge density wave (CDW) phase. A challenge
in the field is to understand how both phenomena compete and
whether, behind pure competition, there is a more involved re-
lationship between them. To tackle this question, experiments
in YBa,CuzO, (YBCO) have used temperature, magnetic
field, hole doping, or uniaxial strain as tuning parameters
[1-15]. The effect of hydrostatic pressure, on the other hand,
is controversial.

The application of a 15-GPa hydrostatic pressure in
underdoped YBa,CusOg ¢ results in an increase of 7. from
~64 to 107 K [16], which is significantly higher than 7, =
94 K of optimally doped YBa;Cu30, at ambient pressure.
This has long remained a mystery but Cyr-Choiniere et al.
have recently remarked that the sensitivity of 7, to pressure
correlates with the strength of CDW order in YBa,Cu3O,
[17]. They have thus suggested that, because charge order
competes with superconductivity, it is the suppression of the
CDW phase under pressure that actually drives the 7, increase.

This proposal has been challenged by two sets of exper-
iments in YBa,Cu3O, that, however, appear to be mutually
contradictory. On the one hand, two x-ray studies have found
that pressures as small as 1 GPa are sufficient to fully suppress
signatures of short-range charge order [18,19]. Such a rapid
suppression is thus inconsistent with a link between CDW and
the increase of 7, up to ~15 GPa. On the other hand, pressures
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of ~1 GPa hardly affect two prominent signatures of charge
order in transport measurements, namely, slow quantum os-
cillations and a negative Hall number Ry [17,20,21]. From
this observation, Putzke et al. [21] have concluded that the T,
increase under pressure and the 7, depression near p = 0.12
at ambient pressure [22] are both unrelated to the CDW.
Thus, three incompatible viewpoints have been expressed:
The pressure dependence of charge order is either too weak
[20,21], too strong [18,19], or of the right magnitude [17]
to explain the rise in 7, up to 15 GPa. In contrast, an NMR
study argues that pressure actually enhances charge order in
YBaQCu3O(,_9 [23]

Since transport, but not scattering, experiments have been
performed in high magnetic fields to suppress superconduc-
tivity and since high fields are known to strengthen charge
order, the apparent conflict between transport and scatter-
ing measurements might be explained if pressure affects the
short-range CDW observed in zero field [6-8,13] but not the
long-range CDW in high fields [1-5,14]. This explanation
would, however, question the widespread belief that high-field
transport properties reflect a Fermi-surface reconstruction by
the short-range two-dimensional CDW [24-27]. Therefore,
resolving these contradictions is important for elucidating the
effect of pressure but also, more broadly, for understanding
the CDW.

In this paper, we report 7O NMR experiments under
pressure in high-quality YBa,;Cu3O, untwinned single crys-
tals. Using a clamp-type cell (see Appendices A and B for
experimental details), we applied a pressure of 1.9 GPa to two
crystals with ortho-II (O-II) chain-oxygen order (hole doping
level pg = 0.109, T, = 59.8 K) and ortho-VIII (O-VIII) order
(po = 0.125, T, = 67.8 K), both used in our previous works
[2,13,26,28-30]. One of our main results is to show that
the discrepancy between transport and x rays is unrelated to
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FIG. 1. (a) Quadrupole broadening 8vgyad/Vquaa (due to short-range CDW order), at 0 and 1.9 GPa (open and closed symbols, respectively)
for the O-II sample [O(2) site and field tilted by 16—18° from the ¢ axis]. Below 7. the two data sets differ since superconductivity is favored
under pressure, at the expense of charge order. If data had been taken in the same field, the difference below 7. would be even larger (B = 10T
at 0 GPa, B = 15 T at 1.9 GPa, with a few points at 12 T above T;). (b) Quadrupole broadening in O-VIII [O(3F) site, B || b = 15 T]. Lines are
Curie-Weiss fits (see text) sharing the same background C = 0.59% in panel (a) and C = 1.58% in panel (b). Insets in panels (c) and (d) show
the pressure dependence of the amplitude A in Curie-Weiss fits. The dashed lines correspond not to a fit but to a quadratic dependence on P
vanishing at P, = 15 GPa (see text). In panel (c), that A(P) misses the data point at 1.9 GPa for O-II may be ascribed to an increase in doping
that partially compensates the intrinsic suppression of the CDW at this pressure.

the field dependence of CDW phases in YBa;Cu3O, as the
amplitudes of both the short-range and the long-range CDW
orders are found in NMR to be, at most, weakly affected by a
pressure of 1.9 GPa.

The paper is organized as follows. We first present data
concerning the short-range CDW in the normal state (which
is field independent) and discuss the discrepancy with x-
ray-scattering results. We then present data concerning the
long-range CDW in high fields. In the last part of the paper,
we discuss quantitative aspects of the normal-state results,
we evaluate the pressure-induced increase in doping, and we
propose an alternative interpretation of the transport results of
Putzke e al. [21]. The Appendices also contain details about
the estimation of the pressure-induced increase in hole doping.

II. SHORT-RANGE CDW: EXPERIMENTAL RESULTS

Short-range CDW order in YBa;Cu30, produces a spatial
modulation of the electric field gradient (EFG) at planar Cu
and O sites that leads to a quadrupolar line broadening [13].
We find that the dimensionless quadrupole broadening av“—”‘j
where vguaq is the separation between adjacent quadrupole
satellites, is essentially unaffected by a pressure of 1.9 GPa
for both samples, at least at temperatures (7)) for which
superconductivity is absent [Figs. 1(a) and 1(b)]. At this stage,
we already reach our first important conclusion: 1.9 GPa
is not sufficient to completely suppress the CDW at either
po = 0.109 or 0.125 doping.

Vquad

III. COMPARISON WITH X-RAY SCATTERING

We now comment on the discrepancy between our NMR
and the transport measurements on one side and the x-ray
studies in YBCO on the other side. First, a hard x-ray-

diffraction measurement at p = 0.13 finds no CDW intensity
already at 1 GPa [19]. However, as no ambient pressure mea-
surements were performed inside the diamond anvil pressure
cell (DACQ), it is unclear whether the sensitivity is sufficient
to detect the weak CDW signal within the cell [19]. Second,
an inelastic x-ray-scattering study at p = 0.12 [18] found
that two signatures of CDW order in an acoustic phonon
branch, namely, a broadening on cooling followed by a sudden
narrowing and partial softening below 7, [11], both disappear
between 0.8 and 1.5 GPa.

As to the phonon broadening, we remark that the
measurements under pressure were performed at a single
temperature, near 7T.. However, the narrowing below T, is
so abrupt [11] that even a minor misevaluation of 7. under
pressure can result in measurements being inadvertently
performed slightly below T or in the transition region where
fluctuation effects and/or sample inhomogeneities may play
arole. The phonon softening, on the other hand, is probably a
more solid piece of evidence so questioning this result would
challenge the interpretation of scattering experiments. One
possibility is that the complicated CDW structure factor [12]
changes with pressure. Another hypothesis we would like
to raise is that the softening of the phonon in question is,
one way or another, associated with in-phase (/ = 1) CDW
correlations. Even though experiments under strain rather
suggest an anticorrelation between this acoustical phonon and
long-range three-dimensional (3D) CDW [15], in both cases
there is a phonon softening along the b axis. The relatively
intricate situation and the nearness of transition temperatures
at p = 0.12 doping (ngw =~ 50 K [1-3,27] vs T, = 65 K)
call for further investigation of this question.

In principle, other factors may lead to divergence between
NMR/transport and x rays. First, the hydrostaticity of the
oils used as pressure medium in the transport and NMR
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FIG. 2. (a) Field dependence of the quadrupole splitting of O(2) sites (due to long-range CDW order), at 7 = 3 K for 0 and 1.9 GPa. Data
at 0 GPa are from a reanalysis of the data in Ref. [2] (see Appendix A). B values correspond to the c-axis component of the applied field. Lines
are fits to Eq. (1), with the dashed red line corresponding to a fit excluding the highest-field point to visualize the uncertainty in the saturation
value Av™ . (b) Field dependence of '"K of O(3) sites in the O-II sample at T = 3 K. Arrows at 19.4 & 2 T (0 GPa) and 24.4 =2 T (1.9 GPa)

quad*

mark the saturation field B, of '’K, suggesting a 5 = 3-T increase of the upper critical field B, under pressure (Byy, = B, at low T [26]).

Lines are fits according to the procedure described in Refs. [26,30].

measurements is not as good as that of helium used for both
x-ray studies. However, pressure has been applied at room
T where the oil is still liquid so nonhydrostaticity is only
expected from strains if the solidification with cooling is
inhomogeneous. It seems unlikely that small shear strains will
dominate over high, largely isotropic pressures since YBCO
has a relatively large bulk modulus of about 120 GPa [31].
Furthermore, uniaxial pressure has a very anisotropic effect
on T, [32] so if nonhydrostaticity was significant the pressure-
induced change in 7. would be different for different pressure
media, which is not the case.

Also, the CDW that we see under pressure cannot be
ascribed to pressure-induced disorder in our sample because
we do not see any line broadening at CuO-chain sites. On the
contrary, our preliminary data (Appendix D) are consistent
with slightly lower disorder under pressure, as reported by
Huang et al. [19]. Finally, it is possible that NMR probes pref-
erentially the fully static, pinned, CDW modulations while
scattering experiments also integrate fluctuations. However,
this goes against the scaling between NMR and x-ray data at
ambient pressure [13].

IV. LONG-RANGE CDW: EXPERIMENTAL RESULTS

So far, we have discussed the impact of pressure on short-
range CDWs because of its direct relevance to the conflict be-
tween transport and x-ray results. We have, however, pursued
our NMR investigation of the CDW into high fields, which
has not been probed by scattering under pressure yet.

The NMR signature of the long-range CDW phase is a
quadrupole splitting Avguq of the lines [1,2,29]. 7O line
shapes in the O-II sample were found to be similar at O and
1.9 GPa, suggesting that the CDW wave vector is unchanged.
Avguaq values were obtained at both pressures by fitting O(2)
satellites with a set of two peaks (see Appendix A). The onset
field of long-range CDW order Bcpw is determined by fitting
Avguad(B) to

max B t BCDW
Avgiy tanh (1.74 /S;m—_B - 1), )

where the field dependence of Avgug is analogous to the T
dependence of a superconducting BCS gap. The very good
fit to the 0-GPa data obtained with Eq. (1) suggests that the
CDW amplitude still increases somewhat above the super-
conducting upper critical field B, (T =0) =24 T [26,33]
before eventually saturating at Bgy, = 54 T, in contrast with the
suggested saturation of the Knight shift. This could indicate
that CDW order still competes strongly with superconducting
fluctuations. However, we point out that we use Eq. (1)
without any theoretical justification, mostly for determining
the onset field of long-range CDW order, Bcpw. Within error
bars, it is possible that Avgu,q saturates above Beo.

As Fig. 2(a) shows, the main effect of increasing pressure
is to shift Bepw from 9.9 to ~16.8 T, i.e., by ~3.6 T/GPa.
Concomitantly, B, also increases, as suggested by our 'K (B)
data in Fig. 2(b), which are consistent with dB./dP =~
3 T/GPa deduced from the irreversibility field [21]. That
dB/dP =~ dBcpw/dP highlights the intimate connection
between superconductivity and the field-induced CDW tran-
sition suggested in previous works [2,5,27]. Here, the in-
crease of Bcpw suggests that pressure has reduced the
spatial extension of the CDW halos nucleated in vortex
cores [2].

Because of the increased Bcpw and B, fields below 30 T
are not sufficient to reach a saturation of Avg,,q and thus there
remains uncertainty as to whether the amplitude of the charge
modulation at B 2 B, changes with pressure [Fig. 2(a)].
Extrapolation of the fits to higher fields suggests that the
amplitude does not change by more than £10%, which is in
line with the absence of a strong change in the strength of the
short-range CDW at this pg = 0.109 doping.

V. QUANTITATIVE ASPECTS OF THE NORMAL-STATE
RESULTS AND THE IMPORTANCE OF DOPING CHANGE

We now come back to the results of Fig. 1 and discuss more
quantitative aspects. This part of the paper is more speculative
for two main reasons.
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(1) Pressure-induced changes in various quantities are rel-
atively small at 1.9 GPa compared to experimental uncertain-
ties.

(2) Our proposed interpretation relies on a number of
assumptions (essentially linear approximations for pressure-
induced changes).

However, we shall argue that these assumptions are reason-
able and, furthermore, regardless of the degree of uncertainty
in the propositions below, our attempt at a quantitative de-
scription has the merit of highlighting effects that have been
overlooked in some of the previous works. We have deliber-
ately separated this part from the presentation of the results in
Sec. Il in order to emphasize that the central conclusion of this
paper, namely, that short-range CDW order is still present at
1.9 GPa, is disconnected from the quantitative interpretation

Close inspection of the data suggests that gt slightly

but systematically reduced at 1.9 GPa in theIO VIII sam-
ple [Fig. 1(b)], unlike in the O-II sample [Fig. 1(a)], even
though the experimental error bars are somewhat larger than
the difference between datasets with and without pressure.
Strikingly, the very same dichotomy (namely, no visible
change for O-II and small but noticeable change for O-VIII)
is also present in the Hall-effect results of Ref. [17]. This
strongly suggests that the CDW is more resilient to pressure
in O-1L

A natural reason for the contrast between these two con-
centrations is that pp = 0.125 (O-VIII) is at the maximum of
the dome of the CDW, while py = 0.11 lies below where the
CDW strength is weaker [9,10]. Therefore, a small pressure-
induced increase in doping (expected from the reduced dis-
tance between chains and planes) will strengthen the CDW
for the O-II sample, while weakly reducing it for O-VIIL
If, concomitantly, there is an intrinsic (not doping-related)
decrease of the CDW strength due to pressure, the intrinsic
and doping effects will compensate at low pressure for O-II
whereas they will both act to weaken the CDW for O-VIII,
whatever the pressure strength [17].

A quantitative analysis of the Hall-effect data from
Ref. [21] provides further support for such a compensation
effect: For py = 0.11 (O-1I), Putzke et al. have found that 7j,
the temperature at which the Hall number Ry changes its sign
because CDW order reconstructs the Fermi surface, varies
slowly as a function of pressure: % = —1.1 K/GPa up to
2.6 GPa [21]. They concluded that this rate of suppression
of the CDW is too weak to explain the concomitant increase
of T.(P) of ‘% = +3.8 K/GPa. However, we point out that
pressure-induced doping, although very small, can affect the
pressure dependence of Tj. Indeed, the doping dependence
of Ty is very strong at ambient pressure: ~1640 K/hole
from p = 0.08 to 0.12 [34]. Multiplying this number by our
estimation (see Appendix C) of a pressure-induced doping of

~0.0015 holes/GPa leads to an extrinsic increase 42 =

dP dop
+2.5 K/GPa. The experimentally determined slope
%mt being the combination of a positive doping and a

negative intrinsic effect,

ah _dbh | dTy

o 2)
dP tot dpP dop dP i

it follows that ‘ZB o = —3-6 K/GPa. Remarkably, this in-
trinsic suppression of 7y (thus of the CDW) is of nearly
equal magnitude (but opposite sign) as the rate of +3.8

K/GPa at which T, increases. For py = 0.125, 4b =0

> dP dop
dTy : dly  _
because iy = 0 at the maximum [34], so we expect Pt =

—3.6 K/GPa, close to the observed value of —3.3 + 1 K/GPa
at po = 0.120 [17].

Furthermore, if one assumes that 412 d P 1S independent of
P one can estimate T(P) to first order from the relation

dTy

To(po + Ap) + P mP 3
The first term accounts for the doping effect and is given
by the nearly parabolic doping dependence of Ty at 0 GPa.
Following Ref. [17], the doping change under pressure Ap is
taken to be proportional to both the applied pressure P and the
initial doping po: Ap = b po P. In Appendix C, we justify the
choice of the value b = 0.014.

For po = 0.11, Eq. (3) predicts complete suppression of
Ty, and hence of charge order, at P. ~ 17 GPa (Fig. 3),
comparable to the pressure at which 7, appears to saturate
[16]. Thus, once the pressure-induced doping is considered
at po = 0.11, we see that (1) the increase in doping may
partially compensate intrinsic effects of the pressure on the
CDW below ~10 GPa and (2) opposed to the conclusions by
Putzke et al. [21] it is actually possible that the suppression
of the CDW goes hand in hand with the pressure-induced
increase of T, as originally proposed by Cyr-Choiniere
etal [17].

Putting aside the special case of O-II, we now focus
our quantitative analysis of NMR data on the O-VIII sam-
ple. Since the growth of short-range CDW order does not
follow the T dependence of a typical order parameter, we
fit the data above T, with a Curie-Weiss-type dependence:

To(P) =

80

YBCO
p=0.11

60

(K)

Lo 40

0L Total (1+D)

Intrinsic (1)

0 . 1 . 1 ’ 1 i 1
0 5 10 15 20
P (GPa)

FIG. 3. Calculated pressure dependence of T for the py = 0.111
YBCO sample studied by Putzke eral. [21]. The green curve includes
both doping effects (blue) and intrinsic pressure effects (red) on 7y
and is calculated from Eq. (3) and a fourth-order polynomial fit of the
To(p)ocp. data of Ref. [34]. The initial slope is equal to the measured
%m[ = —1.1 K/GPa, as found in Ref. [21], and is assumed to be P
independent for simplicity. Thick lines are calculated with b = 0.014
in Eq. (3) and the shaded areas are delimited by results of the
calculation with » = 0.010 and 0.018 (see text).
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SVouns _ TAT(; + C. A is related to the CDW amplitude, 6 can
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be seen as the temperature at which the CDW susceptibility
would diverge if superconductivity did not intervene, and C
represents the T-independent broadening due to chemical and
lattice inhomogeneities as well as unresolved inequivalent
sites when the field is tilted off the ¢ axis (subtle crystallo-
graphic differences related to the oxygen-ordered structure). If
we assume that C is independent of P, the fitting indicates that
A decreases by 25 & 12% between 0 and 1.9 GPa [Fig. 1(b)],
with a concomitant change of 6 from 49 & 5 to 54 + 2 K. With
only two data points, there is obviously significant freedom
to describe the P dependence of A. However, we point out
that a quadratic dependence A(P) o (P. — P)? vanishing at
P. = 15 GPa is consistent with the data [inset to Fig. 1(b)].
Such a dependence is expected if the atomic displacements u
are linear in P. Indeed, ”‘*‘”‘" scales with the x-ray-scattering
1nten51ty [13] that, in canomcal CDW systems, is proportional
to u?. Evidently, the data are not inconsistent with an absence
of change within error bars (especially as C may slightly
change with P if oxygen order is affected, see Appendix C) but
our point here is again that a gradual vanishing of the CDW on
a scale of ~15 GPa is also consistent with either the transport
or the NMR data. At 1.9 GPa, our estimated doping change
Ap = 0.003 holes (Appendix C) is too small to result in a
visible change of the CDW amplitude [9]. Thus, the decrease
of the quadrupole broadening, i.e., of the CDW amplitude, for
the pp = 0.125 (O-VIII) sample must be an intrinsic effect of
hydrostatic pressure.

VI. CONCLUSION

In summary, our NMR data in YBCO show that a pressure
of 1.9 GPa has a relatively modest effect, if any, on the
strength of each of the two CDW phases. Unlike x-ray-
scattering studies we do not find a complete suppression of
the short-range CDW above 1 GPa. We have discussed the
discrepancy between NMR and scattering results and we sug-
gest several experiments to shed light on this issue: Verifying
whether the CDW peak can be seen by hard x rays in DACs at
ambient pressure, measuring the phonon broadening at higher
T under pressure, measuring the phonon softening in a mag-
netic field (perhaps with neutron scattering) at lower doping
and/or with a finer temperature resolution, or repeating the
NMR experiment with *He as pressure medium to perfectly
replicate the conditions of the x-ray measurements. We have
clarified, and found to be very reasonable, the conditions
under which NMR and transport data may be consistent with
the original proposal by Cyr-Choiniere et al. that most (about
70% according to our estimation in Appendix C) of the T
increase under pressure is due to concomitant weakening of
the CDW [17]. This, together with work on stripe order in
La;_,Ba,CuO, [35], suggests that hydrostatic pressure may
be a convenient, generic tuning parameter of the competition
between CDW order and superconductivity in the cuprates.
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APPENDIX A: NMR METHODS

We used home-built NMR spectrometers and probes, su-
perconducting magnets for fields up to 20 T, and the LNCMI
M10 resistive magnet for higher fields.

For the O-II sample, the magnetic field B was tilted off the
c axis by an angle of 18° towards the b axis, as a compromise
between resolution of the different O sites (that is maximal for
H || ab) and a large field component along the ¢ axis, which
is required for inducing long-range CDW order [1,2]. For
O-VIII, B was applied parallel to the b axis, allowing optimal
site separation but hindering investigation of the high-field
phase in this configuration. Field values in Figs. 2(a) and
2(b) correspond to the c-axis projection of B. Values quoted
elsewhere are total B values.

The reference for Knight-shift measurements was >’K of a
metallic Al foil [36] for the O-II sample (py = 0.109) and K
of the Cu coil [37] for the O-VIII sample (py = 0.125).

In the high-field CDW phase, the quadrupole splitting
Avguag Was obtained by fitting the quadrupole satellites by a
set of two asymmetric peaks of area ratio 2:1 as in Ref. [29].
The ambient-pressure data in Fig. 2(a) are slightly different
from those in Ref. [2] where the area ratio was not fixed to 2:1
but let free in the fit. This difference has a negligible impact
on the determination of the onset field Bcpw.

APPENDIX B: PRESSURE METHODS

We used a commercial BeCu/NiCrAl clamp cell from
C&T Factory Co., Ltd. (Japan) and Daphne oil 7373 as a
transmitting medium [38]. The applied pressure has been cal-
ibrated by the resistivity of a long Manganin wire at ambient
temperature.

By monitoring the resonance frequency of the NMR tank
circuit upon cooling in zero field, we found that 7. at 1.9 GPa
had increased by 6 and 13 K for the O-II and O-VIII samples,
respectively. These values are in good agreement with data
from Ref. [17]. This means that, as expected from the specifi-
cations of Daphne 7373 at 1.9 GPa [38], no pressure has been
lost between 285 K and the low-temperature (") range where
the oil has solidified. The observed increase of the long-range
CDW onset field under pressure (see text) is another, indirect,
confirmation of the pressure at low 7.

The samples were cooled below 250 K within less than 2 h
after pressurization in order to minimize oxygen reordering in
the chains [16]. No difference in the NMR properties of the
samples could be detected before or after pressurization, so
there appears to be no irreversible change after the application
of 1.9 GPa.
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APPENDIX C: PRESSURE-INDUCED DOPING
1. Model

Pressure reduces the distance between CuO chains and
CuO, planes, which facilitates charge transfer and thus in-
creases the hole content p. Since the strength of charge order
is strongly p dependent, pressure must have a “doping effect”
on the CDW. This needs to be taken into account before
discussing quantitatively any possible “intrinsic effect” of
pressure on the CDW. Cyr-Choiniere et al. have proposed that
the pressure-induced doping Ap is proportional to both the
applied pressure P and the initial doping po [17]:

Ap=bpyP, (CDhH

where b represents the percentage by which the doping in-
creases per gigapascal.

Provided that Eq. (C1) is valid, the pressure-induced dop-
ing is fully determined by the parameter b. Below, we show
how the b value can be determined from 7..(P) of overdoped
samples and from the Knight shift of our py = 0.125 sample.

2. Estimating the pressure-induced doping
in the overdoped regime

Based on Eq. (C1), a parabolic form of 7..(p) [39] leads to
T.[p(P)] = 94.3{1 — 82.6[po(1 + bP) — 0.16]*}.  (C2)

By fitting T.(P) data from Ref. [16] to Eq. (C2) (data from
overdoped samples must be used as there should be no elec-
tronic order affecting 7, in this region of the phase diagram),
Cyr-Choiniére et al. determined b = 0.01 = 1% GPa~! (the
exact value used below is 0.0129). As shown in Fig. 4,
repeating the same procedure with the data of Ref. [40], we
find b = 0.0156 GPa~!. So, from data in overdoped samples,
the average value is b = 0.014 GPa~'. Below, we argue that
this value is also representative for underdoped samples.

100

Sadewasser et al.
b=0.0129

o
80

— 60F  Alireza et al.
= b=0.0156

40}

20+

0 5 10 15 20 25 30
P (GPa)

o

FIG. 4. T.(P) for overdoped YBCO samples of Sadewasser et al.
(open diamonds) with py ~ 0.172 [16] and Alireza et al. (filled
squares) with pg =~ 0.188 [40]. We fit both the single-crystal and
polycrystalline samples simultaneously, as their pressure depen-
dences are similar.
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FIG. 5. T dependence of the O(2) Knight shift K for the
O-II sample (py = 0.109, B tilted by 16-18° from the ¢ axis) and
for the O-VIII sample (py = 0.125, B || b), both at 0 GPa (blue open
symbols) and 1.9 GPa (red closed symbols). Gray dashes: !"K for an
O-III sample (p = 0.129) at 0 GPa and B || b, shown for comparison.

3. Estimating the pressure-induced doping
from NMR in underdoped YBa,Cu;0,

We found a small change in the quadrupole frequency vo
under pressure [from 363 to 368 kHz for O(2) sites in O-II and
from 947 to 953 kHz for O(3F) sites in O-VIII] but this result
is difficult to interpret because it arises from changes in both
the charge density and the lattice parameters.

0.04
Data from / analyzed by
L $ Zheng / Zheng
B Zhou/ Putzke
0.03 L @ Meissner / Putzke
’ @ Sadewasser / Cyr-Choiniére
— | O Alireza / Vinograd
‘Tm @ Vinograd / Vinograd
Q 0.02 |
e
s Q
l ¢
0.01 |-
¢ o
0.00 L | L | L | L | L | L
0.10 0.12 0.14 0.16 0.18 0.20 0.22

p, (hole/Cu)

FIG. 6. b values [as defined by Eq. (C1)] from the present paper,
Zheng et al. [41], Putzke et al. [20], Cyr-Choiniere et al. [17], Zhou
et al. [42], Meissner et al. [43], Sadewasser et al. [16], and Alireza
et al. [40]. The gray shaded bar marks the error of +0.004 GPa™!
in b, also used for Fig. 7. The pink diamond based on '"K data of
Meissner et al. lies outside of this error [43]. It has been determined
from scaling of the full T-dependent '"K data to a single gap, the
pseudogap, the doping dependence of which is known. However,
K at low temperature could be partially gapped by the CDW. As
the CDW can be intrinsically weakened by increasing P ascribing
the full P dependence to the pseudogap alone possibly led to an
overestimated increase of the doping.
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YBCO

dT,/dP (K GPa™)

0.06 0.09 0.12 0.15 0.18
p, (hole/Cu)

FIG. 7. dT,./dP data from Cyr-Choiniére et al. [17] (open circles)
compared with the values deduced from the 7. changes of 6 and
13 K for our O-II and O-VIII samples (blue squares), respectively,
at 1.9 GPa (as measured in situ by the shift in resonance frequency
of the NMR tank circuit upon cooling in zero field). The dotted
line shows dT./dP, which is calculated from the derivative of the
parabolic T.(p) using b = 0.014. The shaded area is bounded by
results of the calculation with b = 0.010 and 0.018.

The Knight shift K, on the other hand, is known to increase
monotonously upon increasing p for any 7 > 200 K where
there should be no contribution from the CDW. As Fig. 5
shows, a pressure of 1.9 GPa slightly increases !"K of the
po = 0.125 sample (O-VIII), by about half of the difference
with 7K in an O-IIT (py = 0.129) sample at 0 GPa. Thus,
assuming that all of the change in K is due to a doping change,
p has increased by (0.129-0.125)/2 = 0.002 £ 0.001 holes
at 1.9 GPa. This translates into » = 0.008 £ 0.008 GPa~!,
which is within error bars consistent with b = 0.014 GPa~!.

For the O-II sample, on the other hand, there is no dis-
cernible change in 'K even though, with b = 0.014, 1.9 GPa
should increase p from 0.109 to 0.112. It is possible that
the model is too simplified. For instance, details of oxygen
ordering could play a role in the charge transfer. At any rate,
our data show that the change in doping is very small at
1.9 GPa and thus contributes only weakly to the increase
inT,.

4. Pressure-induced doping: Summary

Figure 6 summarizes the above-determined b values to-
gether with other values from the literature. For b = 0.014
and an initial doping py = 0.117 [16], Ap = 0.025 at 15 GPa,

YBCO
0 GPa p=0.125
FWHM = 54+2 kHz chain O(1)

1.9 GPa
FWHM = 48+2 kHz

7O NMR intensity (arb. units)

88.2 88.3 88.4
f (MHz)

FIG. 8. Comparison of first quadrupole satellites of the chain
O(1) site at 0 and 1.9 GPa, measured at 7 = 168.5 K (spectra
are offset vertically for clarity). The Lorentzian full-width at half
maximum (FWHM) is indicated for each line.

which implies that 7, should rise only to ~76 K, not 107 K,
as can be determined from Eq. (C2), if the doping change was
the sole effect. This means that only ~30% of the T, increase
is due to a change in doping. Of course, there remains a large
uncertainty on these numbers, given the scattering of the data
points shown in Fig. 6.

5. Estimating the sensitivity of 7, to pressure

Using the derivative of the parabolic 7, (p) we can calculate
dT./dP for a given b value and plot it together with the
experimental data. As shown in Fig. 7, clearly, most of the
change of 7, around p ~ 0.12 is not due to pressure-induced
doping. The calculated change of 7, is much smaller than
the experimentally determined d7./dP. However, the cal-
culated values match quite well the experimental data near
p = 0.06 and 0.18 where CDW correlations are expected to be
negligible.

APPENDIX D: EFFECT OF PRESSURE ON CHAIN ORDER

We found a modest, but reproducible, narrowing of
oxygen-empty Cu(lE) sites in another O-II sample and
oxygen-filled O(1) sites (Fig. 8), which is consistent with a
slight increase of oxygen order under pressure, also found in
a recent x-ray experiment [19]. However, since the values are
close to our experimental uncertainty, more precise investiga-
tion of this interesting issue would require crystals with larger
170 concentration on the chain site (i.e., final annealing under
170 atmosphere).

[1] T. Wu, H. Mayaffre, S. Krimer, M. Horvati¢, C. Berthier,
W. N. Hardy, R. Liang, D. A. Bonn, and M.-H. Julien, Nature
(London) 477, 191 (2011).

[2] T. Wu, H. Mayaffre, S. Krimer, M. Horvati¢, C. Berthier,
P. L. Kuhns, A. P. Reyes, R. Liang, W. N. Hardy,
D. A. Bonn, and M.-H. Julien, Nat. Commun. 4, 2113
(2013).

[3] S. Gerber, H. Jang, H. Nojiri, S. Matsuzawa, H. Yasumura,
D. A. Bonn, R. Liang, W. N. Hardy, Z. Islam, A. Mehta, S.
Song, M. Sikorski, D. Stefanescu, Y. Feng, S. A. Kivelson, T. P.
Devereaux, Z.-X. Shen, C.-C. Kao, W.-S. Lee, D. Zhu, and J.-S.
Lee, Science 350, 949 (2015).

[4] J. Chang, E. Blackburn, O. Ivashko, A. T. Holmes, N. B.
Christensen, M. Hucker, Ruixing Liang, D. A. Bonn, W. N.

094502-7


https://doi.org/10.1038/nature10345
https://doi.org/10.1038/nature10345
https://doi.org/10.1038/nature10345
https://doi.org/10.1038/nature10345
https://doi.org/10.1038/ncomms3113
https://doi.org/10.1038/ncomms3113
https://doi.org/10.1038/ncomms3113
https://doi.org/10.1038/ncomms3113
https://doi.org/10.1126/science.aac6257
https://doi.org/10.1126/science.aac6257
https://doi.org/10.1126/science.aac6257
https://doi.org/10.1126/science.aac6257

I. VINOGRAD et al.

PHYSICAL REVIEW B 100, 094502 (2019)

Hardy, U. Rutt, M. V. Zimmermann, E. M. Forgan, and S. M.
Hayden, Nat. Commun. 7, 11494 (2016).

[5] H. Jang, W.-S. Lee, H. Nojiri, S. Matsuzawa, H. Yasumura,
L. Nie, A. V. Maharaj, S. Gerber, Y.-J. Liu, A. Mehta, D. A.
Bonn, R. Liang, W. N. Hardy, C. A. Burns, Z. Islam, S. Song,
J. Hastings, T. P. Devereaux, Z.-X. Shen, S. A. Kivelson, C.-C.
Kao, D. Zhu, and J.-S. Lee, Proc. Natl. Acad. Sci. USA 113,
14645 (2016).

[6] G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-Canosa,
C. Mazzoli, N. B. Brookes, G. M. De Luca, A. Frano, D. G.
Hawthorn, F. He, T. Loew, M. Moretti Sala, D. C. Peets,
M. Salluzzo, E. Schierle, R. Sutarto, G. A. Sawatzky, E.
Weschke, B. Keimer, and L. Braicovich, Science 337, 821
(2012).

[7] A. J. Achkar, R. Sutarto, X. Mao, F. He, A. Frano, S. Blanco-
Canosa, M. Le Tacon, G. Ghiringhelli, L. Braicovich, M.
Minola, M. Moretti Sala, C. Mazzoli, R. Liang, D. A. Bonn,
W. N. Hardy, B. Keimer, G. A. Sawatzky, and D. G. Hawthorn,
Phys. Rev. Lett. 109, 167001 (2012).

[8] J. Chang, E. Blackburn, A. T. Holmes, N. B. Christensen, J.
Larsen, J. Mesot, R. Liang, D. A. Bonn, W. N. Hardy, A.
Watenphul, M. V. Zimmermann, E. M. Forgan, and S. M.
Hayden, Nature Physics 8, 871 (2012).

[9] M. Hiicker, N. B. Christensen, A. T. Holmes, E. Blackburn,
E. M. Forgan, R. Liang, D. A. Bonn, W. N. Hardy, O. Gutowski,
M. V. Zimmermann, S. M. Hayden, and J. Chang, Phys. Rev. B
90, 054514 (2014).

[10] S. Blanco-Canosa, A. Frano, E. Schierle, J. Porras, T. Loew,
M. Minola, M. Bluschke, E. Weschke, B. Keimer, and M. Le
Tacon, Phys. Rev. B 90, 054513 (2014).

[11] M. Le Tacon, A. Bosak, S. M. Souliou, G. Dellea, T. Loew, R.
Heid, K.-P. Bohnen, G. Ghiringhelli, M. Krisch, and B. Keimer,
Nat. Phys. 10, 52 (2014).

[12] E. M. Forgan, E. Blackburn, A. T. Holmes, A. K. R.
Briffa, J. Chang, L. Bouchenoire, S. D. Brown, R. Liang, D.
Bonn, W. N. Hardy, N. B. Christensen, M. V. Zimmermann,
M. Hiicker, and S. M. Hayden, Nat. Commun. 6, 10064
(2015).

[13] T. Wu, H. Mayaffre, S. Krimer, M. Horvati¢, C. Berthier, W. N.
Hardy, R. Liang, D. A. Bonn, and M.-H. Julien, Nat. Commun.
6, 6438 (2015).

[14] M.-H. Julien, Science 350, 914 (2015).

[15] H.-H. Kim, S. M. Souliou, M. E. Barber, E. Lefrancois, M.
Minola, M. Tortora, R. Heid, N. Nandi, R. A. Borzi, G.
Garbarino, A. Bosak, J. Porras, T. Loew, M. Konig, P. J. W.
Moll, A. P. MacKenzie, B. Keimer, C. W. Hicks, and M. Le
Tacon, Science 362, 1040 (2018).

[16] S. Sadewasser, J. S. Schilling, A. P. Paulikas, and B. W. Veal,
Phys. Rev. B 61, 741 (2000).

[17] O. Cyr-Choiniere, D. LeBoeuf, S. Badoux, S. Dufour-
Beauséjour, D. A. Bonn, W. N. Hardy, R. Liang, D. Graf, N.
Doiron-Leyraud, and L. Taillefer, Phys. Rev. B 98, 064513
(2018).

[18] S. M. Souliou, H. Gretarsson, G. Garbarino, A. Bosak, J. Porras,
T. Loew, B. Keimer, and M. Le Tacon, Phys. Rev. B 97,
020503(R) (2018).

[19] H. Huang, H. Jang, M. Fujita, T. Nishizaki, Y. Lin, J. Wang,
J. Ying, J. S. Smith, C. Kenney-Benson, G. Shen, W. L. Mao,
C.-C. Kao, Y.-J. Liu, and J.-S. Lee, Phys. Rev. B 97, 174508
(2018).

[20] C. Putzke, L. Malone, S. Badoux, B. Vignolle, D. Vignolles, W.
Tabis, P. Walmsley, M. Bird, N. E. Hussey, C. Proust, and A.
Carrington, Sci. Adv. 2, e1501657 (2016).

[21] C. Putzke, J. Ayres, J. Buhot, S. Licciardello, N. E. Hussey, S.
Friedemann, and A. Carrington, Phys. Rev. Lett. 120, 117002
(2018).

[22] R. Liang, D. A. Bonn, and W. N. Hardy, Phys. Rev. B 73,
180505(R) (2006).

[23] S. Reichardt, M. Jurkutat, R. Guehne, J. Kohlrautz, A. Erb, and
J. Haase, Condens. Matter 3, 23 (2018).

[24] N. Harrison and S. E. Sebastian, Phys. Rev. Lett. 106, 226402
2011).

[25] A. Allais, D. Chowdhury, and S. Sachdev, Nat. Commun. 5,
5771 (2014).

[26] R.Zhou, M. Hirata, T. Wu, L. Vinograd, H. Mayaffre, S. Krimer,
A. P. Reyes, P. L. Kuhns, R. Liang, W. N. Hardy, D. A. Bonn,
and M.-H. Julien, Proc. Natl. Acad. Sci. USA 114, 13148
(2017).

[27] F. Laliberté, M. Frachet, S. Benhabib, B. Borgnic, T. Loew, J.
Porras, M. Tacon, B. Keimer, S. Wiedmann, C. Proust, and D.
LeBeouf, npj Quantum Materials 3, 11 (2018).

[28] T. Wu, R. Zhou, M. Hirata, I. Vinograd, H. Mayaffre, R. Liang,
W. N. Hardy, D. A. Bonn, T. Loew, J. Porras, D. Haug, C. T.
Lin, V. Hinkov, B. Keimer, and M.-H. Julien, Phys. Rev. B 93,
134518 (2016).

[29] R. Zhou, M. Hirata, T. Wu, I. Vinograd, H. Mayaffre, S. Kriamer,
M. Horvatié, C. Berthier, A. P. Reyes, P. L. Kuhns, R. Liang,
W. N. Hardy, D. A. Bonn, and M.-H. Julien, Phys. Rev. Lett.
118, 017001 (2017).

[30] J. Ka¢mar¢ik, I. Vinograd, B. Michon, A. Rydh, A. Demuer,
R. Zhou, H. Mayaffre, R. Liang, W. N. Hardy, D. A. Bonn, N.
Doiron-Leyraud, L. Taillefer, M.-H. Julien, C. Marcenat, and T.
Klein, Phys. Rev. Lett. 121, 167002 (2018).

[311 M. Lei, J. L. Sarrao, W. M. Visscher, T. M. Bell, J. D.
Thompson, A. Migliori, U. W. Welp, and B. W. Veal, Phys. Rev.
B 47, 6154 (1993).

[32] O. Kraut, C. Meingast, G. Briuchle, H. Claus, A. Erb, G.
Miiller-Vogt, and H. Wiihl, Physica C (Amsterdam) 205, 139
(1993).

[33] G. Grissonnanche, O. Cyr-Choiniere, F. Laliberté, S. R.
De Cotret, A. Juneau-Fecteau, S. Dufour-Beauséjour, M.-E.
Delage, D. LeBoeuf, J. Chang, B. J. Ramshaw, D. A. Bonn,
W. N. Hardy, R. Liang, S. Adachi, N. E. Hussey, B. Vignolle,
C. Proust, M. Sutherland, S. Krimer, J.-H. Park, D. Graf,
N. Doiron-Leyraud, and L. Taillefer, Nat. Commun. 5, 3280
(2014).

[34] D. LeBoeuf, N. Doiron-Leyraud, B. Vignolle, M. Sutherland,
B. J. Ramshaw, J. Levallois, R. Daou, F. Laliberté, O. Cyr-
Choiniére, J. Chang, Y. J. Jo, L. Balicas, and Liang, R. Liang,
D. A. Bonn, W. N. Hardy, C. Proust, and L. Taillefer, Phys. Rev.
B 83, 054506 (2011).

[35] M. Hiicker, M. V. Zimmermann, M. Debessai, J. S. Schilling,
J. M. Tranquada, and G. D. Gu, Phys. Rev. Lett. 104, 057004
(2010).

[36] T. Meissner, S. K. Goh, J. Haase, M. Richter, K.
Koepernik, and H. Eschrig, Condens. Matter 26, 015501
(2014).

[37] K. Kitagawa, H. Gotou, T. Yagi, A. Yamada, T. Matsumoto,
Y. Uwatoko, and M. Takigawa, J. Phys. Soc. Jpn. 79, 024001
(2010).

094502-8


https://doi.org/10.1038/ncomms11494
https://doi.org/10.1038/ncomms11494
https://doi.org/10.1038/ncomms11494
https://doi.org/10.1038/ncomms11494
https://doi.org/10.1073/pnas.1612849113
https://doi.org/10.1073/pnas.1612849113
https://doi.org/10.1073/pnas.1612849113
https://doi.org/10.1073/pnas.1612849113
https://doi.org/10.1126/science.1223532
https://doi.org/10.1126/science.1223532
https://doi.org/10.1126/science.1223532
https://doi.org/10.1126/science.1223532
https://doi.org/10.1103/PhysRevLett.109.167001
https://doi.org/10.1103/PhysRevLett.109.167001
https://doi.org/10.1103/PhysRevLett.109.167001
https://doi.org/10.1103/PhysRevLett.109.167001
https://doi.org/10.1038/nphys2456
https://doi.org/10.1038/nphys2456
https://doi.org/10.1038/nphys2456
https://doi.org/10.1038/nphys2456
https://doi.org/10.1103/PhysRevB.90.054514
https://doi.org/10.1103/PhysRevB.90.054514
https://doi.org/10.1103/PhysRevB.90.054514
https://doi.org/10.1103/PhysRevB.90.054514
https://doi.org/10.1103/PhysRevB.90.054513
https://doi.org/10.1103/PhysRevB.90.054513
https://doi.org/10.1103/PhysRevB.90.054513
https://doi.org/10.1103/PhysRevB.90.054513
https://doi.org/10.1038/nphys2805
https://doi.org/10.1038/nphys2805
https://doi.org/10.1038/nphys2805
https://doi.org/10.1038/nphys2805
https://doi.org/10.1038/ncomms10064
https://doi.org/10.1038/ncomms10064
https://doi.org/10.1038/ncomms10064
https://doi.org/10.1038/ncomms10064
https://doi.org/10.1038/ncomms7438
https://doi.org/10.1038/ncomms7438
https://doi.org/10.1038/ncomms7438
https://doi.org/10.1038/ncomms7438
https://doi.org/10.1126/science.aad3279
https://doi.org/10.1126/science.aad3279
https://doi.org/10.1126/science.aad3279
https://doi.org/10.1126/science.aad3279
https://doi.org/10.1126/science.aat4708
https://doi.org/10.1126/science.aat4708
https://doi.org/10.1126/science.aat4708
https://doi.org/10.1126/science.aat4708
https://doi.org/10.1103/PhysRevB.61.741
https://doi.org/10.1103/PhysRevB.61.741
https://doi.org/10.1103/PhysRevB.61.741
https://doi.org/10.1103/PhysRevB.61.741
https://doi.org/10.1103/PhysRevB.98.064513
https://doi.org/10.1103/PhysRevB.98.064513
https://doi.org/10.1103/PhysRevB.98.064513
https://doi.org/10.1103/PhysRevB.98.064513
https://doi.org/10.1103/PhysRevB.97.020503
https://doi.org/10.1103/PhysRevB.97.020503
https://doi.org/10.1103/PhysRevB.97.020503
https://doi.org/10.1103/PhysRevB.97.020503
https://doi.org/10.1103/PhysRevB.97.174508
https://doi.org/10.1103/PhysRevB.97.174508
https://doi.org/10.1103/PhysRevB.97.174508
https://doi.org/10.1103/PhysRevB.97.174508
https://doi.org/10.1126/sciadv.1501657
https://doi.org/10.1126/sciadv.1501657
https://doi.org/10.1126/sciadv.1501657
https://doi.org/10.1126/sciadv.1501657
https://doi.org/10.1103/PhysRevLett.120.117002
https://doi.org/10.1103/PhysRevLett.120.117002
https://doi.org/10.1103/PhysRevLett.120.117002
https://doi.org/10.1103/PhysRevLett.120.117002
https://doi.org/10.1103/PhysRevB.73.180505
https://doi.org/10.1103/PhysRevB.73.180505
https://doi.org/10.1103/PhysRevB.73.180505
https://doi.org/10.1103/PhysRevB.73.180505
https://doi.org/10.3390/condmat3030023
https://doi.org/10.3390/condmat3030023
https://doi.org/10.3390/condmat3030023
https://doi.org/10.3390/condmat3030023
https://doi.org/10.1103/PhysRevLett.106.226402
https://doi.org/10.1103/PhysRevLett.106.226402
https://doi.org/10.1103/PhysRevLett.106.226402
https://doi.org/10.1103/PhysRevLett.106.226402
https://doi.org/10.1038/ncomms6771
https://doi.org/10.1038/ncomms6771
https://doi.org/10.1038/ncomms6771
https://doi.org/10.1038/ncomms6771
https://doi.org/10.1073/pnas.1711445114
https://doi.org/10.1073/pnas.1711445114
https://doi.org/10.1073/pnas.1711445114
https://doi.org/10.1073/pnas.1711445114
https://doi.org/10.1038/s41535-018-0084-5
https://doi.org/10.1038/s41535-018-0084-5
https://doi.org/10.1038/s41535-018-0084-5
https://doi.org/10.1038/s41535-018-0084-5
https://doi.org/10.1103/PhysRevB.93.134518
https://doi.org/10.1103/PhysRevB.93.134518
https://doi.org/10.1103/PhysRevB.93.134518
https://doi.org/10.1103/PhysRevB.93.134518
https://doi.org/10.1103/PhysRevLett.118.017001
https://doi.org/10.1103/PhysRevLett.118.017001
https://doi.org/10.1103/PhysRevLett.118.017001
https://doi.org/10.1103/PhysRevLett.118.017001
https://doi.org/10.1103/PhysRevLett.121.167002
https://doi.org/10.1103/PhysRevLett.121.167002
https://doi.org/10.1103/PhysRevLett.121.167002
https://doi.org/10.1103/PhysRevLett.121.167002
https://doi.org/10.1103/PhysRevB.47.6154
https://doi.org/10.1103/PhysRevB.47.6154
https://doi.org/10.1103/PhysRevB.47.6154
https://doi.org/10.1103/PhysRevB.47.6154
https://doi.org/10.1016/0921-4534(93)90180-X
https://doi.org/10.1016/0921-4534(93)90180-X
https://doi.org/10.1016/0921-4534(93)90180-X
https://doi.org/10.1016/0921-4534(93)90180-X
https://doi.org/10.1038/ncomms4280
https://doi.org/10.1038/ncomms4280
https://doi.org/10.1038/ncomms4280
https://doi.org/10.1038/ncomms4280
https://doi.org/10.1103/PhysRevB.83.054506
https://doi.org/10.1103/PhysRevB.83.054506
https://doi.org/10.1103/PhysRevB.83.054506
https://doi.org/10.1103/PhysRevB.83.054506
https://doi.org/10.1103/PhysRevLett.104.057004
https://doi.org/10.1103/PhysRevLett.104.057004
https://doi.org/10.1103/PhysRevLett.104.057004
https://doi.org/10.1103/PhysRevLett.104.057004
https://doi.org/10.1088/0953-8984/26/1/015501
https://doi.org/10.1088/0953-8984/26/1/015501
https://doi.org/10.1088/0953-8984/26/1/015501
https://doi.org/10.1088/0953-8984/26/1/015501
https://doi.org/10.1143/JPSJ.79.024001
https://doi.org/10.1143/JPSJ.79.024001
https://doi.org/10.1143/JPSJ.79.024001
https://doi.org/10.1143/JPSJ.79.024001

NUCLEAR MAGNETIC RESONANCE STUDY OF CHARGE ...

PHYSICAL REVIEW B 100, 094502 (2019)

[38] K. Yokogawa, K. Murata, H. Yoshino, and S. Aoyama, Jpn. J.
Appl. Phys. 46, 3636 (2007).

[39] J. L. Tallon, C. Bernhard, H. Shaked, R. L. Hitterman, and J. D.
Jorgensen, Phys. Rev. B 51, 12911 (1995).

[40] P. L. Alireza, G. H. Zhang, W. Guo, J. Porras, T. Loew,
Y.-T. Hsu, G. G. Lonzarich, M. Le Tacon, B. Keimer, and S. E.
Sebastian, Phys. Rev. B 95, 100505(R) (2017).

[41] G.-Q. Zheng, Y. Kitaoka, K. Ishida, and K. Asayama, J. Phys.
Soc. Jpn. 64, 2524 (1995).

[42] J.-S. Zhou, J. B. Goodenough, B. Dabrowski, and K. Rogacki,
Phys. Rev. Lett. 77, 4253 (1996).

[43] T. Meissner, S. K. Goh, J. Haase, G. V. M. Williams,
and P. B. Littlewood, Phys. Rev. B 83, 220517(R)
(2011).

094502-9


https://doi.org/10.1143/JJAP.46.3636
https://doi.org/10.1143/JJAP.46.3636
https://doi.org/10.1143/JJAP.46.3636
https://doi.org/10.1143/JJAP.46.3636
https://doi.org/10.1103/PhysRevB.51.12911
https://doi.org/10.1103/PhysRevB.51.12911
https://doi.org/10.1103/PhysRevB.51.12911
https://doi.org/10.1103/PhysRevB.51.12911
https://doi.org/10.1103/PhysRevB.95.100505
https://doi.org/10.1103/PhysRevB.95.100505
https://doi.org/10.1103/PhysRevB.95.100505
https://doi.org/10.1103/PhysRevB.95.100505
https://doi.org/10.1143/JPSJ.64.2524
https://doi.org/10.1143/JPSJ.64.2524
https://doi.org/10.1143/JPSJ.64.2524
https://doi.org/10.1143/JPSJ.64.2524
https://doi.org/10.1103/PhysRevLett.77.4253
https://doi.org/10.1103/PhysRevLett.77.4253
https://doi.org/10.1103/PhysRevLett.77.4253
https://doi.org/10.1103/PhysRevLett.77.4253
https://doi.org/10.1103/PhysRevB.83.220517
https://doi.org/10.1103/PhysRevB.83.220517
https://doi.org/10.1103/PhysRevB.83.220517
https://doi.org/10.1103/PhysRevB.83.220517

