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TOPICAL REVIEW — Fundamental research under high magnetic field
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In the last few years, charge order and its entanglement with superconductivity are under hot debate in high-7; com-
munity due to the new progress on charge order in high-T; cuprate superconductors YBayCu3Og¢,. Here, we will briefly
introduce the experimental status of this field and mainly focus on the experimental progress of high-field nuclear magnetic
resonance (NMR) study on charge order in YBa;Cu3Og,. The pioneering high-field NMR work in YBa;CuzOg. sets a
new stage for studying charge order which has become a ubiquitous phenomenon in high-7; cuprate superconductors.
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1. The tale of stripe in high-7. cuprates

After thirty years discovery of high-T;. cuprate supercon-
ductor, their physical mechanism is still in suspense. As we
know, the parent materials of high-7; cuprates are widely ac-
cepted as Mott insulator in which all the electrons are localized
by on-site Coulomb interaction U. When holes are doped into
the two-dimensional CuO; plane, the Mott insulating phase is
converted into a superconducting phase with appropriate hole
concentration.!!! However, besides superconducting order, the
doped holes could have tendency to build up other symmetry-
breaking state which competes with the d-wave superconduct-
ing order.!>7) In fact, there is indeed a very complicated dop-
ing dependent phase diagram in high-T; cuprates'®! as shown
in Fig. 1. One thread to decode the high-T; puzzle is whether
the competition with a symmetry-breaking electronic state un-
derlied high-T;. superconductivity plays a key role on the com-
plexity of high-7; cuprates. Several experiments are sugges-
tive of electronic-liquid-crystal phases,®-1°1 of which an ex-
treme version is ‘stripe order’: Charge filaments are embedded
in a background of ordered spins as shown in Fig. 2. The first
direct evidence of stripe order in a cuprate dates back to the
discovery of stripes in Laj 4sNdg4Srg.12Cu0y4.1%% Later, the
local evidence for the charge stripe order was found by scan-
ning tunneling microscopy (STM) in Bi-based cuprates,?!! in
which the atomically flat surface enabled the real space image
of charge stripe order in this system. [>!-23]
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Although stripe order has been definitely confirmed in

20-23.25-33] \hether it is an intrinsic phe-

high-T, cuprates, !
nomenon to all of high-T; cuprates is under strong debate. One
critical argument against stripe is that static stripe order was
just found in doped La;CuOQ, family which is very disorder.!!}
Searching stripe order in other cleaner cuprate families is es-

sential to clarify the role of stripe physics in high-7; cuprates.
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Fig. 1. Electronic phase diagram of high-7; cuprates (from Ref. [8]).

In 2007, the observation of quantum oscillation in high-
quality underdoped YBa;Cu3Og, single crystal shed light
e.34-30] This breakthrough suggests that, at least
under high magnetic field, certain symmetry broken order
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emerges to reconstruct the Fermi surface and produces closed
Fermi pocket corresponding to quantum oscillation.[4-161 Tt
shows great potential to search stripe order in such very
clean and “90 K” cuprate family. A new legend on stripe
is coming. In 2011, stimulated by quantum oscillation ex-
periment, high-field ®*Cu nuclear magnetic resonance (NMR)
experiment successfully found stripe order in the underdoped
YBa,Cu30g, ,.27! Tt was found that while superconductivity
is suppressed by external magnetic field, stripe order eventu-
ally emerges instead of superconducting order. In sharp con-
trast to stripe order observed in other cuprates, the stripe found
in underdoped YBa,Cu30Og.., is purely charge stripe without
following spin order. Benefit from the absence of spin or-
der, this is the first time to successfully detect charge stripe
by high-field NMR technique in cuprates. Moreover, due to
oxygen ordering structure, the filled CuO chain was found to
be able to pin the charge-rich part of charge stripe, which al-
lows ®3Cu and 70 NMR to distinguish one-dimensional (1D)
charge stripe from other charge order patterns. In the follow-
ing section, we would firstly explain how the NMR technique
detects a charge modulation in a material.

Four unit
cells

_| River of
mobile charge

Ribbon of
antiferromagnetic
Mott-like order

Fig. 2. Stripe-like electronic order in cuprates (from Ref. [24]).

2. How does NMR technique detect charge mod-
ulation in a material?

In condensed matter physics, charge density wave (CDW)
or charge order (CO) is a spatial modulation of electronic
charge density with specific periodicity and directions (g-
dependent) either commensurate or incommensurate with
background lattice. As a spontaneous symmetry broken state,
it generates a super-lattice structure which locally modifies
the charge environment deviating from a uniform distribu-
tion. Such modulations on electronic degree of freedom

are also seen by nuclei through electron—nucleus hyperfine

interactions. Both static and dynamical properties of such
phases can be sensitively detected by solid state nuclear mag-
netic/quadrupole resonance (NMR/NQR) measurements.
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Fig. 3. Sketch of the energy level and the NMR spectra of nucleus with
I =3/2. The Knight Shift aroused by electron—nucleus hyperfine interaction
is involved while without consideration of quadrupolar interactions.

In NMR spectroscopy measurements, the frequency shift,
line broadening, or line splitting of the NMR/NQR spec-
tra are key quantities to characterize CDW/CO. Unlike the
conventional diffraction methods, as a sensitive local probe,
NMR/NQR could be done with extremely high energy and
position resolutions when using high-quality single crystals.
In NMR spectroscopy, Knight shift (K) measures the percent
shift of the resonance frequency from an isolated nucleus in
an external magnetic field (Hex) with barely Zeeman splitting
shown in Fig. 3 (I = 3/2 nuclei is taken as an example). Actu-
ally, Knight shift can be taken as an additional effective field
experienced by the nuclei in crystals which is originated from
the electron—nucleus hyperfine interaction. It contains detail
information about the interaction. Generally, the magnetic hy-
perfine interaction between electron and nucleus is described
25381

Hyr = Y"1 - {(3(5:5')r - ;S;) + 8{55 (r)+ r£3 (D
The first term and second term describe the dipolar interac-
tions between the nuclear spin and the electronic spin (with p-
, d-, f-orbital characters) and the Fermi contact contributions
(with s-orbital characters), respectively. The last term repre-
sents the orbital interaction between the nuclear spin I and
the angular momentum L of the electron which usually con-
tributes a temperature independent shift K, relative to Zee-
man splitting. The first two terms contribute the spin part of
the Knight shift K, which is usually temperature dependent
and directly related to the electronic configurations near Eg
and sensitively affected by even subtle reconstructions in the
electronic structure. It can be rewritten as

Kpin = AsXs/8eMBYh, 2

where A is the hyperfine coupling constant, and ¥ is the uni-
form local spin susceptibility. In the CDW/CO state, the spa-
tially modulated conduction electron density p(r) will conse-
quently produce a local modulation of Kgyin(r) by changing
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Xs- Assuming a linear correlation between the CDW ampli-
tude and the local resonance frequency @; at a nuclear site r;,
one obtains!*!

wi=w0+w1ZjCOS(61j'ri+¢j)» 3)

where @y = @r(1+ Kp), Ko is the Knight shift correspond-
ing to uniform electron density. ®; is the modulation ampli-

tude due to the conduction electron density of states which
is assumed to be proportional to the CDW amplitude. ¢; are
the CDW wave vectors which can be commensurate or incom-
mensurate with the lattice constants. ¢; are the CDW phases.
This kind of NMR spectra analysis has been widely used to
detect CDW states as shown in Fig. 4.
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Fig. 4. The “*Nb NMR spectra of NbSes at 24 K, 13 K, and 9 K. The solid line represents the theoretical fitting, using the same equation with

different physical cases (from Ref. [39]).
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Fig. 5. Sketch of the energy level and the NQR spectra of nucleus with
1=3/2.

Besides the Knight shift modulated by CDW/CO, the
quadrupole nuclei (nuclear spin / > 1/2) with non-cubic sym-
metrical environment (V,, # 0) is often taken as a particular
local probe of such state since it reveals the sign, magnitude,
symmetry, and orientation of the electron field gradient tensor
(EFG).01 The quadrupolar Hamiltonian Hp which describes
the interactions between the quadrupole moment Q of the nu-
cleus and the electric field gradient V is expressed as
II+1) n

P-—m—+B+B2)|, &

1 ho
Hp = EZVaﬁQaB = Tq
af

3eQV,, .
A1 V., can be chosen as the maximum com-

ponent of diagonalized EFG elements along the principle axis

where @, =

(|Vie| = |Vyy’ > |Vi|). M is the asymmetry parameter defined
as (Vyy| — |Vix|)/Vz;. For a nuclear spin I = 3/2 in zero mag-
netic field, the NQR frequency is

3eQV, 1+ n?

T20I-1)h 3 ©)

ONQR

With axial symmetry (1 = 0), ongr = @, as sketched in
Fig. 5. Through implementation of NQR measurements, the
magnitude or periodicity of electronic density modulation
and the asymmetry properties may be elucidated. When the

CDW/CO sets in, beyond the lattice EFG experienced by the
nuclei (Fig. 6), the modulated electron density generating g-
dependent spatially non-equivalent sites other than the struc-
tural sites is the key of these experiments.

experiment theory
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Fig. 6. Comparison between the observed and theoretical 7> As NQR
lineshapes in proustite (from Ref. [41]).

One can also detect the quadrupolar shift of the NMR
spectra to extract more comprehensive parameters on the elec-
tronic charge distribution in CDW/CO states as illustrated in
Fig. 4. The total Hamiltonian H; of quadrupolar nuclei in an
arbitrary external magnetic field is

H, = Hy+Hp
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= hoyl, + ey - AU Te+r)|, ©
2 3 6
where Hy = H; + Hyy, the intrinsic Knight shift is contained in
oj, since the external magnetic field determines a specific di-
rection for the nuclear spin system (I,), the quadrupolar Hamil-
tonian will be angular dependent. With the definition of Euler
angles, one can easily derive the angular dependent quadrupo-
lar Hamiltonian which commutes with I, [4°]

hwg 3c0s260 — 1
6 2

+ gsin29 cos2¢ (313 —I(I+ 1)) )

HQ(97¢) =

where 0 is the polar angle of the external magnetic field in the
principle axis of the EFG tensor, and ¢ is the azimuthal angle.
Note that under the high magnetic field condition (Hy > Hp),
Hp can be taken as a perturbation, the first order correction
will give the generation of satellite peaks. e.g., the case of
I =3/2 as shown in Fig. 7.

3cos?0 — 1 1
Ot — O = wg% + gsin2900s2¢<m+ E) 8)

Since the shift brought to the central-transition line only ex-
ists in higher order corrections, through detection of the shift
or linewidth of the satellites and comparing it to the central-
transition line, one can identify the quadrupolar contributions
from the magnetic one. By measuring the angular dependent
spectra of high quality single crystals, one can get the detail
parameters of the CDW/CO phases such as the EFG tensors,
the degree of homogeneity/inhomogeneity, the magnetic shift
contributions, and so on.
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Fig. 7. Sketch of the energy level and the NMR spectra of nucleus with
I =3/2 with only consideration of quadrupolar interactions.

3. High-field NMR study on charge stripe order
in YBCO

In this section, we will briefly review the high-field NMR
progress on charge stripe in underdoped YBCO.

As we mentioned above, stimulated by quantum oscilla-
tion experiment in 2007, searching symmetry-breaking state

under high magnetic field becomes an urgent task in high-
T. community. However, many important techniques are not
available under high magnetic field, such as neutron scatter-
ing and angle resolved photoemission spectroscopy (ARPES).
Therefore, NMR technique becomes a unique probe to detect
symmetry-breaking state under high magnetic field. At the
end of 2009, the Grenoble NMR group started the exploration
on symmetry-breaking state in underdoped YBCO with ortho-
II ordering structure at Grenoble high magnetic field lab. As
shown in Fig. 8, the ortho-II ordering structure leads to two
distinct planar Cu NMR sites: Cu2F are those Cu located be-
low oxygen-filled chains and Cu2E those below oxygen-empty
chains.!*3! As shown in Fig. 9, these two distinct planar Cu
sites could be easily resolved on quadrupole satellite of 3Cu
spectra. Such site-selective NMR gives us a possibility for
spatial resolution of the following charge ordering state. The
main finding in the first high magnetic field NMR experiment
is shown in Fig. 9. The satellite for Cu2F site splits into two
peaks below T; under the high magnetic field along c-axis. At
the same time, there is also a Knight shift splitting on the cen-
tral line of Cu2F. Based on a detailed NMR analysis, both of
quadrupole and Knight shift splittings are ascribed to the emer-
gence of charge ordering state as we learned above. If we used
the quadrupole splitting as an order parameter, its temperature
dependent evolution looks like a second order phase transi-
tion. On the other hand, the above splittings on both Knight
shift and quadrupole frequency are only found at Cu2F site but
absent at Cu2E site as shown in Fig. 9.

Full Chain Empty Chain
caw €09 o O go0

(%]
B0 @ %0 °$° o

BaO

0. |
Q @o
CuO .’ol. ® o
Cu(1F) @ f a

b

Ortho-1I (YBa,Cu, O,.)

Cu(1E)

Fig. 8. The crystal structure of ortho-II YBCO (from Ref. [43]).

This result could be used to constrain the charge order-
ing pattern in space. As shown in Fig. 10, there are two
kinds of possible charge ordering patterns that could fit the
NMR results.

real case. Then, the only plausible choice is the second one

However, the first one seems unphysical in

which is the same charge ordering pattern with a uniaxial 4a
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period as the previous stripe order found in LNSCO.?% But,
in YBCO, there is no spin order coupled with charge order.
This result has a strong implication on the quantum oscilla-
tion experiment, suggesting that the charge order reconstructs
the Fermi surface and creates Fermi pockets in YBCO. Since
the splitting due to charge ordering only happens at high mag-
netic field, it strongly suggests that the charge order is a field-
induced phenomenon and would be hidden in the supercon-

ducting dome without applying any external field. Although
such charge order only appears under high magnetic field, it is
not simply induced by applying a magnetic field within CuO,
plane as shown in Fig. 9. Because the upper critical field
for the superconducting state is highly anisotropic in cuprates,
the superconducting state is quite robust under magnetic field

within CuO; plane.
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Fig. 9. High-field NMR spectra of YBa;Cu3Og 54 (from Ref. [37]).
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Fig. 10. Charge density modulations compatible with NMR spectra
(from Ref. [37]).
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Fig. 11. Phase diagram of underdoped YBa;Cu3 0Oy, (from Ref. [37]).

Therefore, the field-induced charge order is actually
caused by the suppression of superconducting state under the
external magnetic field. It suggests that the charge order is a
competing order of the superconducting state. A new phase
diagram is proposed for YBCO as shown in Fig. 11, in which
a field-induced charge order is peaked around 1/8 hole concen-
tration and beneath the superconducting dome. This is a defi-
nite evidence for a long-range charge order in a clean cuprate
superconductor family. It strongly suggests that charge order
is an intrinsic phenomenon in high-7;. cuprates and it shows a
strong correlation with the superconducting state.

Following the pioneering *Cu NMR experiment, the
field-induced charge order was further verified by 7O NMR
experiment.[**! As shown in Fig. 12, charge order induced
quadrupole splitting is also observed on the satellite of 7O
NMR spectra. Due to more remarkable splitting, the precise
field-dependent order parameter of charge order could be ex-
tracted from the field dependent splitting of the 'O NMR
spectra. As shown in Fig. 13, the critical field of the field-
induced charge ordering state shows a V-shape doping depen-
dence corresponding to the doping dependent upper critical
field of the superconducting state, which also suggests a close
correlation between superconducting state and charge ordering
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state. In a short summary, both ©3Cu and 7O NMR spectra ex-
hibit unambiguous and consistent evidence for a field-induced
charge order in underdoped YBCO. Such field-induced charge
order is a dominating competing order for superconductivity
around 1/8 hole concentration and is hidden beneath the su-
perconducting dome. When the superconducting state is killed
by the external magnetic field, the competing charge order
would appear through a second-order quantum phase transi-
tion, which is driven by the high magnetic field (Fig. 13).
Following the discovery of NMR works, a fluctuating
CDW has also been found far above T in (Y, Nd)Ba;Cu3Og¢,
by resonant soft x-ray scattering even without applying ex-
ternal magnetic field.[*! Two resonant peaks corresponding
to CDW signal were observed at (0.31, 0) and (0, 0.31)
of the in-plane reciprocal space. They are different from
the commensurate value of 1/3 so imply an incommensurate
CDW. The temperature-dependent evolution of CDW signal in
YBa;Cu3Og¢ ¢ compound is shown in Fig. 14. The CDW sig-
nal starts to increase and becomes narrow upon cooling below
150 K until T;.. The correlation length of CDW can be roughly
estimated by the reciprocal of the linewidth, which reaches
the maximal value of 16a at T.. The authors claimed that the
above behavior of correlation length is more relative to a fluc-
tuating CDW rather than a static CDW. Below T¢, a sudden
suppression of intensity happens, which implies a competition

between CDW and superconductivity. An interesting detail is
that the intensities of the above two CDW signals are unequal.
This brings about a question of whether the CDW is a single
one with bi-axis or two uniaxial CDWs in two orthorhombic
domains.

2747

1447

-100

£, (kHz)

Fig. 12. The 'O NMR evidence of charge order in YBa;Cu3Og 56
(from Ref. [44]).
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Fig. 13. Quantum phase transition to the charge-ordered state (from Ref. [44]).

'0',25 '0',30 035 *",40 I Meanwhile, a similar result was obtained in another work
2or @) T ir E,C)O Qé@ 10 ‘5 with hard x-ray technique under external magnetic field up to
0% sl /; :°:?§§E_ :éééé ég g:z é 17 T. They found that the CDW under zero field can be en-

£ o ) 4:\&\_ ir §§9§ 5 f 04 § hanced by the magnetic field below the superconducting tran-
é " A’M : |\97~ R bt ]Tf T g:i 2 sition temperature. [*%! The results of the hard x-ray experiment
% 110 gggrgy I ': gﬁ' (@) o 9 2:2653 = in three-dimensional reciprocal space are shown in Fig. 15.
2 ). e - 3292 1o % Two diffraction peaks due to CDW appear at the same in-plane
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095 %% o qo in reciprocal space means a short-range modulation along c-
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Fig. 14. Temperature dependence of the CDW signal obtained by reso-
nant soft x-ray scattering in YBa;Cu3Og ¢ (from Ref. [45]).

axis with 0.6 lattice unit, which suggests a 2D nature for CDW.
Above T, there is no any magnetic field effect on CDW sig-

nal while below T the CDW signal shows a remarkable en-
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hancement with the application of the magnetic field. This is a
direct evidence for the competition between CDW and super-
conductivity. Under the magnetic field of 17 T, the in-plane
correlation length reaches ~ 95 A (~ 25 lattice units) at 2 K,
which is still a short-range CDW. Here, it should be noted that
the onset temperature of CDW observed by x-ray technique is
much higher than that determined by NMR technique. One
plausible reason is different timescales. Usually, the timescale
for x-ray technique is much shorter than that for NMR tech-
nique. Therefore, although a fluctuating CDW might be absent
in a NMR timescale, it can be still observed by the x-ray tech-
nique. In contrast, another opinion on this issue is that there
are two different CDW phases.[47] Next, we will discuss this
possibility with more details.

Wau et al. carefully studied the low-field NMR spectra and
found evidence for another short-range CDW different from
the one under high magnetic field.*8! As shown in Fig. 17,
the broadening effects of satellites and central line show a
similar temperature-dependent behavior but with distinct mag-
nitudes upon cooling below Topger = 140-170 K. From the
previous section, we have learnt that the satellites are broad-
ened by both electric quadrupole and magnetic contributions
while the central line is only affected by the magnetic contri-
bution. When a short-range CDW appears, although both the
quadrupole broadening 0Vquaq and the magnetic broadening

the magnetic contribution appears on both the central line and
the satellites with the same magnitude. In this case, the mag-
nitude of the broadening effect for satellites and central line
should be different, just as what we see in Fig. 17. Simi-
lar situation is also observed for NMR spectra splitting at the
long-range CDW state under high magnetic field. It should
be noted that in contrast to that the splitting only appearing at
Cu2F sites,3”! the above broadening exists at both Cu2E and
Cu2F sites, which also supports a 2D nature. Based on these
results, the difference between x-ray and NMR results strongly
suggests two distinct CDW phases in the H-T phase diagram.
The field-induced 3D CDW phase under high magnetic field
causes a remarkable splitting of NMR lines. The other 2D
CDW phase under zero magnetic field is related to the sig-
nificant quadrupole broadening of the NMR statellites. These
two CDW phases have different charge modulation patterns.
Therefore, it is quite clear that there are two different CDW
phases in the H-T phase diagram. The following part will dis-
cuss the relationship between these two distinct CDW phases.
In addition, since the broadenings of O sites along different
Cu—O bonds show different values as shown in Figs. 17(a) and
17(b), the above NMR results due to a short-range CDW phase
also suggest a possible intra-unit-cell nematic order, which is
consistent with the proposal of biaxial CDW debated in previ-

) Vmagn should be taken into account for the linewidth, only ous x-ray work. [45]
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Fig. 15. Incommensurate charge-density-wave order (from Ref.
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[46]).
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Fig. 17. Qualitative evidence of static charge modulation (from Ref. [48]).

Gerber et al. presented a pretty work with magnetic field
up to 28 T by method of x-ray scattering at the x-ray free
electron laser (FEL) whose high brilliance enabled detection
of weak CDW signals.!*°! The previous work was reproduced
that the short-range correlated incommensurate 2D CDW or-
der develops to maximum at 7; without external field. Thanks
to the synchronization of millisecond pulsed magnetic field
and femtosecond x-ray FEL pulses in their measurements, an
intriguing low temperature 3D CDW order is revealed under
high fields (> 15 T). The comparison of the temperature de-
pendent evolution between these two CDW features is shown
in Fig. 18. Instead of centering at [ ~ 0.5, the new revealed

3D CDW locates in / ~ 1 in reciprocal space and is signif-
icantly enhanced with increasing magnetic field. As shown
in Fig. 18(c), the temperature dependent intensity of this 3D
CDW is consistent with the early high field NMR measure-
ments, suggesting a same origination.3”! The two CDWs co-
exist at high field and have the same incommensurate in-plane
components of the Q-vector (Fig. 19). While, the correlation
length of the field induced one is over ~ 180 A alone b-axis
and ~ 50 A (4-5 lattice units) alone c-axis at 28 T (Fig. 19).
Such long correlation length indicates its 3D nature and rules
out the possible origination of this CDW as a result of field
aligned CDW regions associated with vortices.
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Fig. 19. Field dependence of the CDW order at 7 = 10 K (from Ref. [49]).

Chang et al. have carried out systematic high field hard
x-ray scattering experiments on YBayCu3Og., systems which
put forward the study of the detail structure of the CDW or-
der and explored the doping, field, and temperature dependent
phase diagram of these systems.>* As shown in Fig. 20, they
confirmed the sudden appearance of an additional 3D CDW
order at high fields in YBa;Cu3Og 67 (hole doping ~ 0.123).
They also found that the effects of applying magnetic fields are
very different on the two in-plane components (g,, g5) of the

CDW. With increasing magnetic field, the g, correlation sim-
ply becomes stronger without any extra modulations. While
for the g, correlations, significant enhancement of the corre-
lation length &, is observed and accompanied with an I~ 1
scattering peak emerged when the magnetic field is beyond
10 T. As shown in Fig. 21(a), the 3D CDW breaks the mir-
ror symmetry of an individual CuO; bilayer which is the same
as the lower field one, but the atomic displacements in adja-
cent bilayers are in phase. As sketched in Figs. 21(b)-21(d),
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the field induced CDW can be weakly pinned by impurities in
some regions of the sample to form fully 3D coherence and
static with time scale > 0.1 ms as inferred from the NMR
experiments. 3748 The identified new field induced anisotropy
in the CDW also answers the question mentioned above, that
there are two in-plane uniaxial orthorhombic domains at high
fields. All these suggest a field induced phase transition in
YBCO, which implies that the magnetic field would enlarge

tin (h, 0,0)
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- e
Rusua|
Intensity (counts per ms)
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the in-plane anisotropies of the CDW through enhancement
of the correlations alone b-axis and in turn modify the cou-
pling between the CuO, bilayers (Fig. 22(a)). Besides, from
the doping—magnetic-field phase diagram (Fig. 22(b)), the
3D CDW order is most easily stabilized for doping around
p = 0.11-0.12. Most recently, a quantum critical point (QCP)
at p = 0.08 where the CDW can be formed with applying mag-
netic fields was revealed as shown in Fig. 23.51]
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Fig. 20. Charge density wave correlations induced by a magnetic field in YBa;Cu3Og g7 (from Ref. [50]).
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Fig. 21. Magnetic field effect on c-axis correlations in YBa;CuzOg g7 (from Ref. [50]).
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Fig. 22. Phase diagram of YBa;Cu3Og., (from Ref. [50]).

At this stage, we shall draw a short summary about H—

T phase diagram of YBCO.!5?! As shown in Fig. 24, at high
temperatures, only short-range 2D CDW correlation has been
observed. Under low field region, the superconductivity over-
comes the 2D CDW order at T; ~ 60 K. As superconductiv-
ity is gradually suppressed by magnetic field, a sharp phase
boundary emerges (~ 15 T) where a 3D CDW order sets in.
Under higher fields, the 3D CDW takes place of the supercon-
ductivity as the new ground state of the system. Intriguingly,
the two kinds of CDW cannot simply convert into one another.
They coexist with each other in different domains under high
fields and low temperatures. CDW has been known to occur
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in many low-dimensional metals since last century. But how
exactly the wave is triggered by cooperation between different
degrees-of-freedom is still elusive and hot debated, especially
in 2D systems. Cuprates are not only 2D metals, they are par-
ticularly complex ones with strongly correlated electrons and
multi-order competing phase diagrams. To figure out the ori-
gin of the CDW is a hard theoretical task, much less its connec-
tion to superconductivity (though all experiments point to an
evident competition between superconductivity and CDW or-
der). Nevertheless, instructive insights from the experimental
side are still expected. Some outstanding puzzles and effects
are left to be explored, such as, what exactly is the role played
by the inter-layer chain-oxygen defects? (only help to forming
antiphase charge oscillations in two consecutive CuO; bilay-
ers?). How about the pinning effects of the disorder? (sta-
bilizing the 2D CDW fluctuating correlation into short-range
order and help to establish fully 3D coherence of the 3D CDW
order?). How the electronic structure and Fermi surface topol-
ogy will evolve with CDW setting in? (reconstruction, new
gap opening, and loss of density of states?). What will hap-

pen at even higher fields? (will two kinds of CDWs still co-
exist with each other or the 3D CDW finally overwhelms the
2D CDW even at high temperatures?). What is the relation
between the CDW and the pseudogap? Can similar phenom-
ena take place in other cuprate systems? With these thoughts
in mind, next we will move on to the discussions of specific
cases and gather some newest experimental progresses on part
of these interesting issues.

100
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Fig. 23. A sketch of the YBCO phase diagram in the heavily underdoped
regime with several other measurements superimposed (from Ref. [51]).
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Fig. 24. The H-T phase diagram of YBCO (from Ref. [52]).

Recently, pieces of important information about the mi-
croscopic nature of the CDW have been revealed by Zhou et
al.33! Through meticulous analysis of the 7O NMR spectra in
several YBa,;Cu30, samples with different hole doping levels,
they found an anomalous distribution of local density of states
(DOS) on in-plane oxygen sites which results in asymmetric
NMR spectra as shown in Fig. 25. By using bi-Gaussian fit-
tings on the skewed peaks, they figured out that the asymme-
try arises from the broadening of the right (high frequency)
part of the line (wr in Figs. 26(a) and 26(b)). Meanwhile
considering the continuous aspect of the line shapes, they in-
ferred that 17Kspin is maximal at relatively few locations and
decays over a typical distance much larger than a lattice step.
To some extent, such Knight shift distribution is rare. For in-

stance, the system is far away from any magnetic order and
the vortex lattice if any is negligible at such high fields. Be-
sides, staggered magnetization produced by oxygen vacancies
in the chains or impurities in the planes only leads to sym-
metric broadenings. In fact, the interference between CDW
and Friedel oscillations would yield an asymmetric charge-
density distribution. While if so, an accompanied prominent
quadrupolar effect which influences differently on the satel-
lite and central lines should be observed. On the other hand,
locally promoted DOS at the Fermi level would provide an
explanation to this result. But, unlike the case in the pres-
ence of Anderson localization, the locally enhanced DOS in
YBCO systems most likely originated from the bounded (in-
gap) electronic states. After ruling out various types of al-
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ternative candidates such as the Andreev bound states, short-
range fluctuating pairing-density-wave (PDW) states (none of
these are static at NMR time scale), and the defect-induced
bound states in the chains (inconsistent onset fields and miss-
ing in optimally-doped samples), the author finally ascribed
the skewness of the peaks to the defect-induced bound states
in the CuO; planes. Another remarkable character of this spa-
tial distribution of local fields is that it seems arises only in
conjunction with long-range CDW order as they share sim-
ilar field and temperature dependent behavior which can be
scaled with each other (Figs. 26(c) and 26(d)). As shown
in Fig. 27, this kind of bound state widely exists in YBCO
samples with different doping levels. Since the defects in the
Cu—O chains constitute the main source of electronic scatter-

should be intimately related to it. While, from above analy-
sis we know that the quasiparticle is not directly scattered by
defects in the Cu—O chains, which leaves a paradox. Clari-
fying which aspect of the CDW is crucial in the formation of
the bound states should be informative on its microscopic na-
ture. An indication is that the c-axis coherence of the high
filed 3D CDW order seems irrelevant to the formation of such
bound states. Interestingly, the author pointed out that disor-
der induced bound states are widely observed among different
sample systems (iron-based superconductors, heavy fermion
systems, surface of topological insulators, etc) and they have
been argued to be a generic property of metals with Dirac-
type electronic dispersion. 481 The presence of a Dirac cone
in the band structure would then provide clues on the recon-

ing ubiquitously in oxygen-ordered YBCO, the bound states  structed Fermi surface in high fields.>!
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Fig. 25. The 70 NMR spectrum of YBayCu3Og56 at T = 3 K and H ~ 28.5 T (from Ref. [53]).

@o.02F (b) 40
) L
! &° ® o 30
—_ N
& = 20
R L. [e) < -
ﬁ 0.01 o Q0 — z 5
L 10 | M'L
T=3K L B=274T
000 . 1 n 1 2 1 2 1 L 0 PR | PN T Y
(c) 04 _ (d) splitting (kHz) =—={ g0
e o2 40 04
e -
T % 0.3 - 40
E €
> 0.2 20 %O.Z
< < 420
01 0.1
splitting (kHz) = —>
0.0 L L L 0 00 L 41 0
0 10 20 30 40 50 0 20 40 60 80 100
B(T) T(K)

Fig. 26. Field and temperature dependence of wgr, @, and calculated
asymmetry (from Ref. [53]).

Another excellent work done by Zhou et al. is the mi-
croscopic determination of the upper critical field Hc, of the
YBCO systems. % Using the 'O nuclei as a local probe, they
can detect the field dependent intrinsic spin susceptibility Xspin
(mainly contributed from the N(Eg) (DOS at the Fermi level)
at low temperature) through measurements of the Knight shift
at varied fields. As shown in Fig. 28, a clear saturation of Kpi,

is observed at high fields and the kinks signal the arrival of the
upper critical filed for each sample. Plotting the determined
H., data obtaining from different experimental methods on
one graph shows a good consistence that He; in YBa;Cuz O,
has a pronounced depression around p = 0.11-0.12 where it
reaches values as low as ~ 20 T (Fig. 29). After subtraction
of orbital shift K, and diamagnetic shift Kyj,, a linearly field
dependent K, seems more physically to fit their data below
H.,. Following their analysis will lead to identification of a
sizable residual Kgyin: Ko (Ko/K(Hez) ~ 30% =+ 1%) at zero
field which is to say a residual N(Ef). As shown in Fig. 30,
the residual N(EF) is positively related to the concentration of
disorder. While, extrapolating this relation to zero-width limit
(free of disorder) still yields nonzero N(Er). This suggests an
intrinsic N(Ef) preserved in the superconducting state, which
agrees with the results of specific heat measurement.!°!! Note
that, Kpin o< \/I-m is supposed to be the general case in
cuprates at T < T; as expected for the Doppler shift of the
quasiparticles outside the vortex cores in d-wave superconduc-
tors. So the linearity between H and K, is elusive which asks

for further studies. One possible explanation they proposed is
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that Zeeman energy of the nodal quasiparticles could exceed
the Doppler energy when the high field induces changes in
the Fermi surface. In their experiments, they did not see any
sign of the existence of vortex solids at high fields (> 30 T),
suggesting that vortex melting transition detected in other ex-
periments may arises from some extrinsic effects, e.g., dis-
order induced heterogeneous regions with anomalously high
H,. Intriguingly, they also estimated the relative magnitudes
of the saturated Kjpi, at high fields and the Kjpi, at high tem-
perature of a nearly optimally doped sample. The small DOS
remaining in high fields (~ 18%) demonstrates that the non-
superconducting ground state has a large pseudogap separat-
ing from the superconducting gap. In addition, they also found
that Ky, does not undergo any significant change at either
HZB,, (10-20 T) or HZBy, (5-10 T higher than HZBy,). The
absence of a decrease of Kpi, at the CDW transition indicates
that long-range CDW order does not produce substantial gap-
ping of quasiparticle excitations. This means either that the
Fermi surface reconstruction is totally unrelated to the CDW
or that the short-range CDW modulations presenting at any

field already deplete N(Er) before the transition toward long-

range order.
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Fig. 27. O(2) and O(3) first low-frequency quadrupole satellites show-
ing similar asymmetric profiles at 7 ~ 2 K for four different samples
(from Ref. [53]).
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To take a step on further understanding of the electronic
structure at the Fermi level in YBCO systems at high fields,
Kacmarcik et al. made comprehensive NMR and specific heat
investigations on under-doped YBa;Cu30, samples.[©?] As
expected, their experimental results confirm the existence of a
saturated DOS above a characteristic field Hpps at low tem-

peratures (Fig. 31). Furthermore, an important feature about
Hpos is that its temperature dependence Hpos(T) displays a
clear inflection when the field-induced long-range CDW or-
der develops. As shown in Fig. 32, Hpos(T') first increases
with temperature lowering, then after a subsequent plateau
it sharply increases below ~ 10 K, tending towards H., for
T — 0, resulting in an S shape. At the same temperature
range (< 10 K), an overshoot of specific heat (T /T, ~ 1/30)
is observed which is very unusual. As mentioned above, the
vortex melting field is significantly lower than Hpps, which
indicates that the saturation of the DOS cannot be related to
the melting of the vortex solid or an accidental compensa-
tion of the decrement from promoting CDW and increment
from suppression of superconductivity. In principle, the con-
stant DOS could be due to entering into a new type of gapless
superconducting state, but the author failed to find any theoret-
ical supports. It is also worth noting that the phase diagrams
of Fig. 32(b) and 32(c) leave little doubt that the unusual
S shape of Hpos(T') directly results from the influence of the
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3D CDW order on superconductivity. The upswing of the
Hpos(T) line below ~ 10 K suggests that superconductivity
eventually finds a way to accommodate the presence of the 3D
long-range CDW order. One would image that, high magnetic
fields may help to establish a PDW state in which spatial vari-
ations of the superconducting- and CDW-order parameters are
intertwined. %3 Since it has been proposed that the 3D CDW is
actually a consequence of a primary PDW order, (%4 the author
claimed that the above-proposed interpretation of their data
seems to fit more naturally with the view that the PDW order
is stabilized only in the coexistence region by the presence of
an independent 3D CDW order.

Fig. 32. The Hpos versus temperature for the indicated doping contents
(from Ref. [62]).

4. High-field NMR study on charge stripe order
in Bi2201 system

In the early days, dense studies on charge stripe or-
der were focus on another high-T. cuprates family — Bi-

(21-23.47] Tn fact, real-space imagination of

based cuprates.
CO by STM were firstly realized on Bi-based cuprates.>!]
Through applying an external magnetic field (5 T perpen-
dicular to the CuO; plane), fourfold, bidirectional modula-

tions of the local DOS can be clearly imaged in the vortex
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cores (Fig. 33).147 The observed CO is confirmed to be non-
dispersive over an extended energy range and exists above
100 K which rules out the possible origination as a quasi-
particle interference (QPI) pattern.?>23] Latter STM experi-
ments on Na doped Ca;CuO,Cl, (Na-CCOC) revealed similar
features (nearly period-4) of the CO in Bi-based cuprates. ]
In recent years, the detail structure and doping dependent
phase diagram of Bi2212 and Na-CCOC have been intensively
studied.[%-%81 Evidence for charge order in single-layered Bi-
based compounds, Biy_,Pb,Sry_.La,CuOg s (Bi2201), was
also reported.[®! Real and reciprocal space studies on the
temperature evolution of CDW/CO in Bi2212 and Bi2201

systems have revealed possible connections between charge
order and the pseudogap state.!'!:’%1 The doping dependent
CDW wave vector seems to intimate relate to the hot spots of
the Fermi surface by comparison between RXS and ARPES
results.[”"72] Previous Knight shift measurements also de-
tect residual DOS in the pseudogap states at high fields and
it shows a non-trivial carrier concentration dependence (an
abrupt decrease when it is close to Mott transition which sug-
gests a symmetry breaking without magnetic ordering).[”3!
The underlying physics of the normal states are still unclear.
Special density modulations of the CDW/CO are predicted in

the PDW scenario. (874
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Bi,Sr,_JLa,CuOq,;

Fig. 35. Comprehensive phase diagrams of Bi2201 system with dop-
ing concentration, field, and temperature as tuning parameters (from
Ref. [75]).

Besides, two major questions about the CDW in YBCO
systems have been remained until now: one is that only out-
of-plane field can induce the 3D CDW which leads to specu-
lations that it is due to incipient CDW in the vortex cores that
becomes overlapped as the field gets stronger, the other is the
exact role played by the Cu—O chains. In order to get some
insights on these questions, the high field investigations on
CDW/CO in Bi2201 are highly needed. Kawasaki et al. made
great experimental efforts on this subject. They have con-
ducted NMR study on a couple of hole doped chainless sys-
tems — Bi2201 with in-plane magnetic fields up to 42.5 T.[73]
As shown in Fig. 34, comparing with YBCO, similar NMR
features have been observed in under-doped Bi2201 samples
above a characteristic field Hcpw (~ 10 T), which demonstrate
a field induced CDW (FICDW). The Hcpw is slightly lower
than that in YBCO, suggesting that CDW has a similar energy
scale across different class of cuprates. As shown in Fig. 35,
with doping concentration, field, and temperature as tuning
parameters, they obtained comprehensive phase diagrams of
the Bi2201 system. There are several unique characters of the
CDW in Bi2201 system. One remarkable point is that the on-
set temperature Tcpw takes over the antiferromagnetic order
temperature Ty beyond a critical doping level at which super-
conductivity starts to emerge, and scales with the pseudogap
temperature 7*. Since no vortex cores are created in CuO;
planes under in-plane fields, the Hcpw and Tepw of Bi2201
are more related with the doping concentration, which is dif-
ferent from the case in YBCO where Hcpw scales with Ho,.
Considering the single CuO, layered structure without any
Cu-O chains in Bi2201, the observed CDW is inherently 2D
and a larger CDW amplitude (around twice of that of YBCO)
is realized. Interestingly, in their experiments, the short-range
CDW sets in right at 7* and the FICDW emerges far above
the SC dome and finally coexists with it. Based on this, they
proposed that the CDW in Bi2201 is closely related to the
pseudogap (or to say the pseudogap is the incipient CDW in

Bi2201).176771 At the moment, there still remain many elusive
experimental results. But, without any doubt that the CDW or-
der is another outstanding quantum phenomenon that should
be addressed on the same footing as the AF spin order.

5. Possible charge ordering state in iron-based
superconductors

Iron-based superconductors (IBS) are recognized as the
second family of high-T; superconductors.!”-821 Although the
IBS exhibits a similar phase diagram as cuprates, the parent
compounds of IBS are found to be multi-band correlated met-
als with striped AFM ground state!®3! and the electronic cor-
relation is strongly influenced by the Hund’s coupling. 4 Tt
would be very interesting to explore similar charge ordering
phenomenon as cuprates in IBS, which would be important to
build up a universal connection between high-T; superconduc-
tivity and charge ordering.

Until now, although there are many efforts to explore
charge ordering in IBS, the definitive evidence for charge or-
dering is still elusive. Initially, possible existence of CO states
in slightly electron doped LaOFeAs;_,F;, SmOFeAs|_,F;
(1111 systems), and optimally hole doped Ba;_,K Fe,As,
(122 system) was claimed.!®>-%71 Lang et al. have conducted
NQR study on series electron doped 1111 systems.®3 They
proposed a nanoscale electronic order on the Fe sites stimu-
lated by observing a clear two-peak structure in > As NQR
spectra of slightly doped LaOFeAs;_,F, and SmOFeAs;_,F,.

Subsequently, Jasek et al. got similar conclusion through

86.87] In recent years, more ev-

>TFe Mossbauer spectroscopy. !
idences for possible CO state have also been accumulated
in heavily hole doped IBS — AFe;As, (A = K, Rb, Cs)
found an NMR line splitting

with in-plane external field in pressurized KFe;As, with P =

systems. 8901 Wang et al.

2.42 GPa, suggesting a pressure induced checkboard-type
CO.81 Civardi et al.
RbFe; As; under ambient pressure. Interestingly, in contrast to
pressurized KFe;As, and RbFe,Asy, Li et al. found an NMR
evidence for local Bog nematic order in CsFesAsy, %% which

also found a possible CO state in

might be also related to possible CO state. However, all these
phenomena in AF,As; family are very sensitive on sample
quality and further careful study is needed.”!! Lately, high-
resolution ARPES study on hole doped 122 system (Na doped
BaFe,As;) revealed a possible emergent charge order in the
C4 re-entrant phase.°?! The band splitting at the X point only
in the C4 re-entrant phase suggests a checkerboard CO which
is compatible and strong coupled with the double-Q magnetic
order (DQMO) in the C4 re-entrant phase. The results are rem-
iniscent of the intertwined electronic stripe order appearing at
1/8 doping in the La;_,Ba,CuO,4 cuprate system where the
CO strongly couples to the spin order. In a short summary,
although there are many intriguing phenomena relevant to the

117402-16



Chin. Phys. B  Vol. 28, No.

11 (2019) 117402

possible CO state in IBS, whether these phenomena are intrin-
sic or universal for IBS is still elusive. Further experiments are
urgently needed to figure out the above issue in near future.

6. Perspective

In this short review, we have introduced the recent high-
field NMR progress on charge order in YBCO. Based on high-
field NMR results, a field-induced charge order is discov-
ered which is actually different from the following short-range
charge order discovered by low-field x-ray scattering experi-
ment. The implications of NMR results go beyond the micro-
scopic explanation of quantum oscillation experiments. In cor-
related electrons system, quantum melting of electronic crys-
talline phase often gives rise to many novel electronic phases.
In cuprate superconductors, melting the Mott insulating phase
with carrier doping is believed to lead a quantum version of
liquid crystal phase, the electronic nematicity, which breaks
the rotational symmetry and exhibits a tight twist with high-T;
superconductivity. These NMR findings would be an impor-
tant experimental evidence to support such physical scenario
for high-T; superconductivity. On the other hand, it would be
an interesting work to search similar charge order in high-7;
Fe-based superconductors, which would be very important to
unify both high-T7; families.
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