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Abstract
Charge order in cuprate superconductors appears to be a universal characteristic, often associated
with pseudogap behavior in the normal state. The central question is whether such charge ordering or
the pseudogap are required for the existence of high temperature superconductivity and embody its
mechanism. An important but phenomenological approach to this question is to examinewhether
these phenomena extend over variousmembers of the cuprate family. Recent nuclearmagnetic
resonance (NMR)measurements on oxygen chain-ordered single crystals of YBa2Cu3O6+y (Y123)
have demonstrated temperature andmagnetic field induced charge ordering that was confirmed in
x-ray experiments. In the present work on high-quality single crystals of the tetragonal compound,
HgBa2CuO4+δ, we use

17ONMR to investigate the interplay between charge and spin order deduced
from the full quadrupolar-split NMR spectrumover awide range of temperature andmagnetic field.
Wehave found evidence for a coherentmodulation of charge and spin order in this compound.
However, neither temperature normagnetic field induced ordering was observed andwe infer that
this aspect of high temperature superconductivity is not universal.

1. Introduction

Various forms of spin and charge ordering have been identified in awide range of cuprate superconducting
materials, but whether these behaviors are ubiquitous phenomena is not established. In this workwe focus on
one of the simplest compounds,HgBa2CuO4+δ (Hg1201), a superconductor with a high transition temperature,
97K, having only a single layer and tetragonal structure, in contrast to one of themost extensively studied
materials, YBa2Cu3O6+y (Y123) [1–5]. Using nuclearmagnetic resonance (NMR)we have discovered a coherent
spatialmodulation of both spin and charge that is temperature andmagnetic field independent. However, there
is no evidence for themagnetic field and temperature induced charge order observed in Y123 [1, 5]. Electronic
instabilities are a common feature of cuprates [6] as in the present work onHg1201, but theirmanifestations are
not universal.

Efforts to better understand cuprate superconductors have focused on the nature of the pseudogap at
temperatures above the superconducting transition and the role of spatialmodulations of charge or spin [1–8].
A notable example is high-quality, underdoped crystals of Y123 [9].Magnetic field and temperature induced
charge order has been reported fromNMRmeasurements [1, 4], recently confirmed as incommensurate by
x-ray diffraction [5] in Y123 near hole-doping p=0.125. This behavior can be correlatedwith change in sign of
the temperature dependence in theHall coefficient [10, 11], shown in the phase diagram figure 1, that has been
associatedwith reconstruction of the Fermi surfacewith electron pockets identified fromquantum
oscillations [12, 13].

OPEN ACCESS

RECEIVED

17November 2016

REVISED

9 February 2017

ACCEPTED FOR PUBLICATION

23 February 2017

PUBLISHED

16March 2017

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2017 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft

https://doi.org/10.1088/1367-2630/aa6277
mailto:jalee@u.northwestern.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa6277&domain=pdf&date_stamp=2017-03-16
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aa6277&domain=pdf&date_stamp=2017-03-16
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


2. Experiment

Weuse 17ONMR to investigate the underdoped high temperature cuprateHg1201; a tetragonal, single layer
compoundwith optimal superconducting transition of 97 K, arguably the simplest knownhigh temperature
superconductor. Similar to earlierNMR results on underdoped Y123 [1, 4], we have found charge and spin
density wave order inHg1201.However, distinct from thework in Y123 this order has a rather different
character. It is temperature andmagnetic field independent and it is not induced by either. This wide range of
behaviors suggests that electronic ordering and superconductivitymay not be intimately connected.

Crystals of near optimally dopedHg1201were grown at theUniversity ofMinnesota. Isotope exchange for
17ONMRwas performed atNorthwesternUniversity followed by annealing for typically oneweek to establish
doping and homogeneity. This report ismainly concernedwith two underdoped single crystals ofHg1201with
Tc=87 K (UD87) and 79 K (UD79)with the transitionwidths,DTc=5 K and 1.5 K, respectively,measured by
a lowfield superconducting quantum interference device, butwith somework on the sample 74 K (UD74)with
DTc=5 Kwhichwe had reported upon previously [14]. Their oxygen concentrations correspond to hole
doping of p=0.118, 0.105, and 0.095 respectively, obtained by comparing themeasuredTc with the phase
diagram, figure 1 [15]. Additional characterization on these samples was performed by 199HgNMRwhich has
revealed that inHg1201 the interstitial dopant oxygens are randomly distributed in theHg plane [16–18].With
perfect alignment of the crystal c-axis to the external field, there exists two sets of five 17ONMR spectral peaks:
one set for oxygen in theCuO2 planeO(1), and the other for the apical oxygenO(2). Since the nuclear spin is
=I 5 2, these are associatedwith the central transition, -( ),1
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frequencies are labeled by indices ( -m m, 1). For this investigationwe have varied themagnetic field from
=H 60 to 30 T over a range of temperature, from∼4 to 400 K.
The situationwhere themagnetic field is not alignedwith the c-axis is notD4 symmetric forO(1), resulting

in anisotropic broadening or splitting of each of the peaks of theNMR spectrum since the two planar oxygens
have orthogonal Cu-Obonding directions and are no longer degenerate. Therefore theO(1) rotation pattern
consists of two sets offive peaks, one each forO(1a) andO(1b)where a and b denote one of two inequivalent
oxygen sites in the cuprate plaquette identified by their differing projections of themagnetic field along the
Cu–Obond. In contrast all apical sitesO(2) are equivalent and their spectra always have exactly five peaks. This
situation is very different fromoxygen chain-ordered Y123 [1].

Additionally, the quadrupolarNMR spectra in amagnetic fieldwill bemodified in the presence of electronic
charge or spin order. In the case of a change in the electronic spin susceptibility, allfive spectral peaks of a given
nucleus are affected identically and have the same shift in frequency. In contrast, charge order produces a
modulation of the local electricfield gradient (EFG)which changes the quadrupolar satellite frequencies shifting

Figure 1.Phase diagram forHg1201 taken in part fromYamamoto, et al [15, 19]. Vortexmelting and pseudogap temperatures were
determined from 63Cu and 17ONMR [20]. NMR results discussed in this report are for crystals (from left to right)UD74,UD79, and
UD87 indicated by solid circles, together with two additional samplesUD94 andOD89. The shaded dome in the background is for
Y123 juxtaposedwith a dashed parabolic curve indicating change in temperature dependence of theHall coefficient [10, 11].

2

New J. Phys. 19 (2017) 033024 J A Lee et al



themmirror-like with respect to the central peak. In short, spin or charge order can be independently identified
from their distinct signatures in theNMR spectrum.

Given the various possible contributions to frequency shifts it is clear that to perform anNMR investigation
of charge or spin ordering onemust beginwith a full determination of the rotation pattern as shown in figure 2
such that the crystal orientation can be completely understood prior to themeasurement. Since the effects of
charge order or spin order are atmost relatively small compared to those associatedwith intrinsic anisotropy of
thematerial, the absolute orientation of the crystals can be determined from themeasured rotation pattern of
the full quadrupolar spectrum, obtained using a single-axis goniometer, interpreted through fitting to the exact
diagonalization of the nuclear spinHamiltonian [21]. In this waywewere able to align the c-axis close to the
externalfield,H0, with accuracy (dq, df)=(±1°,±2°). In this range, the expected upper bound for splitting of
O(1) intoO(1a) andO(1b) is∼2 kHz and less than the typical resolution of theNMRexperiment, precluding
crystalmisalignment as the source for any observed frequency shifts.

The frequencies of satellites for less than axial symmetry as forO(1) are given explicitly by a summation of
magnetic and quadrupolar contributions in the highmagnetic field limit [21],
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Themagnetic and thefirst order quadrupolar contributions are given by equations (2) and (3), respectively. The
second order quadrupolar contribution is given separately in appendix A. The gyromagnetic ratio for 17O is
γ=5.7719 MHz/T,whichwe take as the zero reference for theKnight shift,K0. The quadrupolar frequency nQ

is proportional to the principal component of the EFG,
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where V is the electrostatic potential,Q the quadrupolemoment of the nucleus, and the principal axes, x, y, and
z, for the EFG are chosen to satisfy these inequalities. The three eigenvalues of the EFG tensor are proportional to

Figure 2. (a)NMRfield swept spectra ofUD79 atmultiple orientations at f =95.39 MHz,H0=16.5 T, andT=80 Kwith gaussian
fits over each peak in blue lines with rotation about the b-axis. (b)Peak frequency positions of spectra forO(1a), O(1b), andO(2) as a
function ofψ. Solid curves arefits described in the text.

3

New J. Phys. 19 (2017) 033024 J A Lee et al



the quadrupole frequency nQ with the z-axis along theCu-Obond direction. The +I2 1quadrupolar perturbed
Zeeman substates are indexed bym. The superscript in the quadrupolar frequency distinguishes between 1st and
2nd order terms fromperturbation theory in the highfield limit. The formof the second order correction
(appendix A)was included in our full analysis of the spectrumbut has a negligible contribution to the frequency
shifts,1 kHz. The EFG anisotropy parameter is h º ¶ ¶ - ¶ ¶ ¶ ¶( ) ( )V x V y V z2 2 2 2 2 2 . Lastly, the polar
and azimuthal angles, q and f, denote the orientation ofH0 with respect to ‐ ‐x y z, , -axes.

For less than axial symmetry, as forO(1), the components of theKnight shift aremeasuredwithmagnetic
field along crystal axes,Ka,Kb, andKc and can be expressed as isotropic,K0, and axial shifts,K1 andK2. ForO(1),

= + + = - - = - º( ) ( )K K K K K K K K K K K K3; 2 3;a b c a b c b c0 1 2 1. In contrastO(2), the apical
oxygen site well-removed from the copper-oxygen plane, has axial symmetry along the c-axis and the anisotropy
ratio,  , is zero. Using 17ONMRat the apical site ofUD74we reported previously therewas no evidence for
static loop currents or for charge or spin ordering [14], which is also the case for Y123 [22].

3. Planar oxygen inequivalency

However, close examination of the planar oxygen spectra reveals substructure, non-existent at the apical site. In
figure 3 there is an unambiguous splitting of the highest frequency satellite in ourUD87 sample at temperatures
above 100 K, in contrast to the corresponding lowest frequency satellite which has amuch narrower linewidth.
The spectrum atT=180 K can be separated into two gaussian shaped peaks of equal weights (α andβ).
Consistent behavior was observed inUD79. Above 100 Kwe found that the full-width-at-half-maxima
(FWHM) of the upper satellites were greater than for the lower satellites, figure 4, with a concomitant asymmetry
in the satellite intensities figures 3 and 5.We take this as evidence for such a splitting even though it is unresolved.
The asymmetry in the linewidths, i.e. comparison of high and low frequency satellites, can be accounted for by
simultaneous spin and charge spatialmodulations. Electronic order in only one of spin or charge channels is
insufficient. Similar observations were reported byWu et al [1, 4] fromboth 63Cu and 17ONMR for chain
ordered Y123, andwere interpreted as evidence for charge ordering,magnetic field induced ordering in that
case. Themaximum 17O spectral splittingwe have found inHg1201 is∼60 kHz, similar to that reported for Y123
[4]where n ~ 0.9 MHzQ .

Figure 3. (a), (b)Examples ofNMR spectra from the highest (red) and the lowest (blue) frequency satellites of the planar oxygen at two
temperatures andfields parallel to the c-axis. Linewidth asymmetry between upper and lower frequency satellites forO(1), most
significant at high temperatures, requires coexistence of spatially resolved spin and charge order. Theα peak is defined as the higher
frequency component and theβ peak as the lower one of the doublet, remaining so at allfields and temperatures for all upper satellites.
The same is not true for the lower satellites and the two peaks canmerge forming substantially narrower compound spectra, as shown
in c). The linewidth asymmetry is also directly reflected in peak intensity asymmetry, and can be seen clearly in the full spectrumof
UD74 shown infigure 5. Similar asymmetrywas reported byKambe et al [23] forNMR spectra on grain aligned powder samples of
Tl2Ba2CuOy and byHaase et al [24] for similar type samples of La1.85Sr0.15CuO4 (LSCO). The latter group interpreted their results as
possible evidence for charge and spin order.
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Asymmetric distributions of quadrupolar satellite lineshapes can only arise under rather restrictive
circumstances apart frompossible electronic ordering. For example,misalignment of crystals relative to the
magnetic field, or the existence of bi-crystal domains can result in anNMR spectral splitting.We investigated
these possibilities, as discussed in section 6, using differentmodels for analysis, and find that they do not account
for our spectra.

4. Two-sitemodel

It ismost likely that the inequivalency of oxygen sites that we observe has a local origin associatedwith coexisting
charge and spin density waves. The fact that theNMR satellites are asymmetrically affected requires that these
modulations coexist, that they are coherent, and finally that they are locked in phase, as demonstrated by
simulations presented later in section 5. Independent, or out of phase, superpositions of spin and charge order

Figure 4. (a), (b)Anomalous asymmetry in theO(1) (−1/2,−3/2) andO(1) (3/2, 1/2) satellites as a function of temperature
expressed by the full-width-at-half-maximum linewidth (FWHM) at variousfields from12.1 to 24T. The solid lines are calculated
from the parameters obtained from a globalfit to the full set of spectral peaks using themodel of two inequivalent planar oxygen sites
(see text).

Figure 5.Two-sitemodel fitting forUD74 spectra at 29 T and 100 K and ∣∣H c0 . The observed linewidth asymmetry is generated by a
slightmismatch inmagnetic and quadrupolar parameters between the two sites. The asymmetry is easily identified from the variation
in themaximum intensity of the quadrupolar peaks. A sharp peak in the central site (green) is from the apical oxygenwhose
quadrupolar satellites occurwith a larger nQ than can be displayed here.
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averaged over the sample destroy the asymmetry and broaden theNMR spectrum. Being intimately linked they
must have the same origin. For simplicity we have analyzed our spectra in the context of a simplemodel of two
inequivalent oxygen sitesα andβ in theCuO2 plane having equal weight. Even if a spin or charge periodic order
is incommensurate with the lattice it will bemanifest in a prominent two-peak spectrum. In the followingwe
describe our results using ourmodel to determine the quadrupole frequency andKnight shift splittingswhich
are ameasure of the charge and spin density wave amplitudes respectively.

In order to explain the asymmetric linewidth distribution between the quadrupolar satellites, we used a two-
sitemodel assuming two, almost equivalent oxygen sites each characterized by a unique set ofmagnetic and
quadrupolar parameters: n aQ, , n bQ, , aK0, , aK1, , aK2, , bK0, , bK1, , bK2, , sm, sq. The two sites are indicated by
subscriptsα andβ. The principal axes for the two sites can be taken to be identical sincewe have investigated the
possibility that this is not the case in section 6 called the bi-crystalmodel, and found that it does not account for
our spectra.

å
q f q f

s s
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- +
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Equation (5) representsNMR spectra for =I 5

2
consistent with the quadrupolarHamiltonian tofirst order for

two inequivalent sites a b=i , . TheNMRamplitudes for symmetric pairs of upper and lower quadrupolar
satellites are set to be equal, i.e., =- -( ) ( )A A3 2, 1 2 1 2,3 2 and =- -( ) ( )A A5 2, 3 2 3 2,5 2 . The centroid of a
quadrupolar pattern and the quadrupolar separations are given by, f imag, and f iquad, , with additional subscript
designation for site distinction since each site generates its own full quadrupolar pattern. Themagnetic and
quadrupolar contributions to the total linewidth are represented as sm and sq, respectively, where each spectral
peak is a gaussianwithwidthσ taken as the sum in quadrature of the two contributions andwherewe note that
the quadrupolar term is linearly incremented as the transition order increases, providing an unambiguous
distinction between these two contributions. To calculate the FWHM linewidthwe use s2.36 .

The uncertainties in determining frequency splittings fromunresolved overlapping peaks is reduced by
imposingmathematical constraints on the ten-gaussian fitting.We assumed thatα andβ peaks are gaussians of
equal weight andwidth and that themagnetic and quadrupolar contributions are added in quadrature.We
observed that the average Knight shift position ofα andβ peakswasmagneticfield independent at twofields,

=H 16.50 and 30 T. Consequently, we constrained eachKnight shift component to bemagnetic field
independent. An alternatemodel simulating the effect of sinusoidal spin and charge density waveswill be
discussed later in section 5. Analysis of all spectrawas performed by fitting as required by equations (1)–(3). The
NMRfit parameters are: n n s sa b a a a b b bK K K K K K, , , , , , , , ,Q Q m q, , 0, 1, 2, 0, 1, 2, where the last two aremagnetic and
quadrupolar linewidths.

The results for several cases are shown infigure 6with the linewidth components,sq and sm given separately
in appendix B.We found that theKnight shifts were onlyweakly doping dependent, that sq was temperature
independent and independent offield from6.4 to 30 T, and that s Hm 0 followed aCurie-Weiss law.Using the
fitting parameters, wewere able to accurately simulate the spectra infigure 2.With these parameters, we
calculated the FWHM linewidth of each composite peak shown as solid curves infigure 4. The consistencywith

Figure 6. (a), (b)Temperature dependence of Knight shifts of the two inequivalent sites. The lines are guides to the eye. Error bars are
smaller than the separation betweenα andβ data atmost temperatures. (c), (d)The separation of the satellites, nQ , is plotted as a
function of temperature.
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the raw data confirms the appropriateness for ourmodel for two inequivalent oxygen sites. In addition, the
partial splitting at the highest frequency satellite by∼60 kHz at =H 300 T, shown infigure 3(c), agrees
quantitatively with the calculated spectra based on the fitted parameters given by the solid black curve. It is
important to note that the difference in theKnight shifts between alpha and beta sites decreases with decreasing
temperature,mimicking the overall temperature dependence of theKnight shift, a well established
manifestation of the effect of the pseudogap on the spin susceptibility for underdoped cuprates. Consequently
themodulation of theKnight shift, coherent with the charge distributionmodulation, can be directly attributed
to the electronic spin susceptibility.

The quadrupolar frequency of each site is shown infigure 7 for all our data. A uniform field-independent
difference n n nD º - ~a b 40 kHzQ Q Q, , forα andβ sites above∼100 K, is evident. In this range our
measurements inHg1201 indicate static electronic order. The general trend of increasing nQ with decreasing
temperature can be attributed to temperature dependence of the lattice parameters. This interpretation can be
madewithmore confidence using the apical site, analysis presented in section 7.

5.Numerical simulation

The effect of incommensurate spin and charge density wavemodulations in theCuO2 plane can be studied from
simulation of theNMR spectra. In this case we consider 1D spin and charge density waves with the following
equations.

p l f= +( ) ( ) ( )A x A xsin 2 , 6S S S S,0

p l f= +( ) ( ) ( )A x A xsin 2 . 7C C C C,0

The amplitudes of spin and charge density waves (SDWandCDW) are denoted by AS,0 and AC,0 where x is the
distance in real space. For a coherent density wavemodulation, lS = lC = l. Incommensurability further
requires l to be an irrationalmultiple of the lattice constant. The phase of eachwave is denoted by fS and fC
giving a relative phase of f f f= -S C .

Density wavemodulations induce a doublet splitting for all NMRpeaks, corresponding to theα andβ sites
in the two-sitemodel. Our numerical simulation of the effects of the spin and charge density waves in real space
was sufficiently large that all the nuclei in a simulation cell provide ample sampling of the full spatial variation of
the density waves. In the case of incommensuratemodulationswe define the probability density for frequency
shifts that a nucleus experiences as follows:

ò d= -( ) ( ( )) ( )P H H A x xd , 8S S

Figure 7.Temperature and field dependence of nQ is consistent with the existence of charge ordermanifest in the difference between
α andβ sites. There is no evidence for a field or temperature induced onset. Statistical errors in the plot are about∼13 kHz except the
H=16.5 T data forUD79 for which it is∼3 kHzwhere longermeasurement timeswere possible. For a third sample, UD74, we only
have data at 100 Kbut it is consistent with the abovewith nD = 40 kHzQ at both 21 and 24 T. The transition temperatures and
pseudogap temperatures are shown by dashed vertical lines,T*=125 K forUD79, and 300 K forUD87, determined fromour 63Cu
NMRT1 relaxationmeasurements [20].
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Figure 8.Comparison of the two-sitemodel (black) introduced in section 4 and the incommensurate density wave simulation (red).
Both can be fit to the experimental spectrawith similar precision and the asymmetric lineshape distribution among the satellites is
accurately represented.

Figure 9.Amplitude of the SDW, AS,0, and amplitude of the EFG, p lA2 C,0 , determined fromfitting all of the experimental spectra
using the coherent incommensurate density wavemodel. This analysis show that bothmodulations aremagnetic field and
temperature independent with awell defined phase difference, f, which is vanishingly small, indicating that CDWand SDWhave a
p/2 phase difference. The specific value of phasemismatch shown in the insets is robust showing little to no change throughout the
range offield and temperature investigated.
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Wehave fit all our spectra for each sample using themodel embodied in equations (1), (6)–(9)where the
variables are,K0,K1,K2, nQ, sS, sC, AS,0, AC,0, andf, and the parameter,λ, is incommensurate with the lattice.
An example of the calculated spectra resulting from this fit forUD74 is shown infigure 8 compared to thefit to
the same data using the two-sitemodel with very similar results.

This gives new insight. The relative phase angle,f, and themagnitudes of SDWandCDW, AS,0 and AC,0,
can be determined and are temperature independent. Interestingly, simulations such as this have not been
discussed previously. According to our analysis, the relative phaseπ/2, is very robustly defined; see insets to
figure 9. This phasemismatch between electronic density and spin densitymodulations has been predicted and
observed in rather different circumstances, where it naturally occurs for Friedel type oscillations [25–27]. A
relative phase ofπ has been found in topologically induced commensurate spin and chargemodulations [28].
Themagnitude of the EFGoscillationwas found to be about 1V Å–1, less than 1%of the static EFG at the planar
oxygen site inHg1201. Themagnitude of the SDWoscillation is∼27Gauss, about an order ofmagnitude less
than the incommensurate SDWobserved in iron-pnictide superconductors [29], andmight be related to the
magnetismdetected by polarized neutron scattering in the samematerial [30]. Note that the two-sitemodel has
an additional constraint imposed on theKnight shift such that it bemagnetic field independent, an assumption
based on directmeasurement of theKnight shift at twomagnetic fields.

The accuracies of ourfitting analysis to the experimental spectra for the two-sitemodel and the numerical
simulation have similar statistics, i.e., c2, as shown infigure 8.Unfortunately, we cannot discriminate between
thembased solely on thefitting statistics.

6.Other scenarios: Bi-crystalmodel

Themost straightforward causes of spectral splitting are (1) a simplemisalignment of themagnetic field
orientation, (2) the presence of different structural phases such as static octahedral bucklingmodes in cuprates
[31], or (3)multiple crystal domains.We can eliminate thefirst case using a goniometer tomap a rotation
pattern and align the crystal in situwith high precision. If the sample consists of a bi-crystal, i.e. or two ormore
crystal domains, this could also produce a splitting of the spectra. However, the Laue diffraction images of our
single crystals exclude existence ofmultiple crystal domains, figure 10.

Othermechanisms include existence of buckling of theCuO2 plaquette. There have been reports of static
bucklingmodes of the octahedra [32–39].We have explored this possibility by attempting tofit the spectra with
a ten-gaussian expression similar to the one in our two-sitemodel. Instead of allowing two distinct sets of
magnetic and quadrupolar parameters, we constrained the fitting to a single set of parameters for both sites while

Figure 10. Laue image of theUD87 sample normal to the c-axis shows a single crystal domain consistent with the crystal structure of
Hg1201.We have found no evidence ofmultiple crystal domains in the cation framework in any of our samples. Note however, that
the x-ray Lauemethod is not sensitive to oxygen.
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allowing for a distinction betweenO(1a) andO(1b) to bemanifest through different relative orientations of the
principal axes for each crystal domain. The key difference between the two-sitemodel and the bi-crystalmodel
discussed in this section is that in the latter there are two distinct sets of principal axes whose relative orientations
with respect to themagnetic field direction are expressed in terms of the spherical coordinates, (q f,i i) asfit
parameters which are different for i=1, 2where the index i specifies one of the two principal axis domains.

We found that this bi-crystalmodel does notfit our experimental spectra. In general, the compound spectra
of a nearly degenerate pair of sites with the same principal axes (two-sitemodel) has a larger linewidth for upper
quadrupolar satellites only if the site with a largermagnetic shift also exhibits a larger quadrupolar shift so that
both shift components constructively contribute to the total linewidth of the upper quadrupolar satellites. This
is in contrast to the lower frequency satellites in which they compensate for one another resulting in a narrower
linewidth. The bi-crystalmodelmostly predicts that a site with a largermagnetic shift has a smaller quadrupolar
shift. This results in larger linewidth for lower quadrupolar satellites. AnNMR spectral feature of this kindwas
observed experimentally in a low temperature orthorhombic phase of La1.67Eu0.2Sr0.13CuO4 [31]. However, this
is inconsistent with our experiments. Additionally, aDFT simulation forHg1201 excludes the existence of
octahedra bucklingmodes which could otherwise generate a relevant scenario appropriate for the bi-crystal
model [40].

Yet another possibility is the effect of interstitial dopant oxygens residing in theHgOplane.We have
performed 199HgNMR, a nucleus that has been previously shown to be directly affected by the presence of the
nearest neighbor dopant oxygen [16].We have found that in all ourHg1201 single crystals the dopant oxygens
are randomly distributed in theHgOplanewith no bimodal effect that can result in a double peak splitting that is
observed in the planar 17O spectra ofHg1201 [20, 41].Moreover, the quadrupolar frequency of the apical site is
shown to be immune fromdoping variations over awide range as shown infigure 11, indicating that the EFG in
theCuO2 plane is unlikely to be affected since it ismuch further away from theHgOplane than the apical
oxygen.

Thework byHaase, et al reports a similar quadrupolar asymmetry in 17ONMR spectra obtained from
aligned-powder samples of LSCO. They suggested that such a spectral featuremay have been due to coherent
spin and charge ordering [24, 42]. The limitations of their result, however, are inherently poor linewidth coming
fromaligned-powder samples and amore limited range ofmagnetic field of the data. In both LSCOandHg1201
cases, this order does not seem to be influenced by eithermagnetic field or temperature.However, we exclude
structural origins for the splitting inHg1201 based on exceptionally narrow linewidth owing to the high quality
single crystal samples and precision orientation alignment with a goniometer, which is not possible for an
aligned powder.

7. Apical oxygen

Extending our earlier work [14]wehave also studied nQ of the apical oxygen atH=30.0 T (figure 12). The

quadrupolar frequency is extracted from the quadrupolar separation of  ( ),3

2

5

2
satellite peaks. The average

linewidth of each peak in the spectrum is∼10 kHz. The crystal EFG at the apical site scales linearly with nQ as

Figure 11.The quadrupolar frequency of apical oxygen inHg1201 as a function of doping (blue, left). The right vertical axis
corresponds toTc in the superconducting dome [19].
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shown in the following equation,

n
=

-( )
( )

I I h

eQ
EFG

2 2 1

3
, 11Q

whereQ is a nuclear quadrupolarmoment. Our calculation of the crystal EFG at the apical site obtained from
this analysis is consistent withfirst principle calculations forHg1201 [43].

For non-cubic simplemetals, the thermal response of the lattice parameters follows a phenomenological
temperature dependence [44–46]which accounts for a contribution from the lattice vibrations due to phonon
modes.

n n= -( ) ( )bT1 . 12Q Q0
3 2

For the apical oxygen, we have observed a continuously decreasing EFG at the apical site with increasing
temperature,figure 12, whose temperature dependence can be accounted for by thismodel with νQ0=1.230
(1)MHz and b=2.5(4)×10−6 K2/3 in ourUD79 sample. The thermal expansion of lattice parameters
measured by neutron diffraction have a similar functional dependence [47].

The background dependencewas subtracted from the planar data leaving only on-site lattice contributions
to the EFG. The onset of an upturn of n aQ, and n bQ, at a low temperature around 40 K corresponds to the vortex
freezing temperature of this sample (UD79)whichwas separately determined fromourNMRT2 investigation of
63Cu and 17O [20]; however, the origin of this effect is unknown.

8. Conclusion

Themagnetic and quadrupolar frequency shifts of 17ONMR in cuprates can be associatedwith an intrinsic
electronic instability with coherent charge and spin order in theCuO2 plane. However, there is no evidence for a
field or temperature induced onset, nor is there any correlationwith vortex freezing (figure 1) orwith the
pseudogap. The change in nQ inUD87 belowTc at theβ sitemight be a consequence of suppression of theCDW
indicated by x-raymeasurements [2, 3, 9]; however, this effect is not evident in sampleUD79. It was suggested
[4] that electronic ordering in Y123fluctuates and that it is observed byNMRonlywhen pinned, leading to an
onset induced by a combination of sufficiently highmagnetic field and sufficiently low temperature possibly
associatedwith vortex freezing. This explanation does not account formagnetic field induced charge order
observed in x-ray diffraction [5], nor does it correspond to our data forHg1201. Identification of an onset of
charge order, with no complementary spin order inHg1201was reported from resonant x-ray scattering [7] at
the copper L3-edge. This comparison provides a complementary view of charge ordering at different positions in
the samematerial probed on different time scales. Fromx-ray diffraction inHg1201 at optimal doping [8],
evidencewas found that oxygen interstitials induce formation of charge puddles in theCuO2 plane, observations
possibly related to the oxygen site inequivalency we report here.

Figure 12.The phenomenological temperature dependence of lattice parameters for simplemetals is shown by a dashed line. The
origin of the decrease in nQ with increasing temperature at the apical site is therefore due to the temperature dependence of lattice
parameters. The planar nQ forα andβ sites in the two-sitemodel forUD79 fromfigure 7 are shown after subtraction of this
background temperature dependence. Solid (open)markers are after (before) the subtraction. Error bars are statistical.
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AppendixA.Quadrupolar interactions

In the high field limit the quadrupolar interaction can be expanded for each eigenstate of theHamiltonian using
perturbation theory. Thefirst order quadrupolar interaction for transition (m,m−1) is given in equation (3).
The second order interaction is described by the following equation.

n
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Themagnitude of the second order term varies with the transition orders but it is generally less than∼1 kHz for
the sample orientation, H0 Pc. Our analysis in themain text, as well as our calculation of the linewidths shown in
figure 4, include this second order interaction term. The angular dependence of all NMRpeak frequencies is
consistent with the known tetragonal structure ofHg1201 asmeasured by x-ray diffraction [48], and the crystal
parameters extracted from this angular dependence are given in table A1.

Appendix B. Linewidth analysis of the inequivalent sites

There is a systematic behavior in the temperature dependence of linewidth components which emerges from the
fitting analysis of experimental spectra. Figures B1–B3 show temperature andmagnetic field dependence of the
quadrupolar andmagnetic linewidth contributions. The quadrupolar contributionwas found to be temperature
andmagnetic field independent while themagnetic contribution increases with increasing field and decreasing
temperature.

Table A1.Knight shift and quadrupolar
frequencies for the planar oxygen in underdoped
Hg1201 single crystals atH=16.5 T and
T=80 K (UD79) andT=100 K (UD87). These
results are associatedwith the average peak
positions ofα andβ sites. Results for the
underdopedTc=74 K (UD74K) crystal have
been reported previously [14], including
parameters for the apical oxygen (green solid
curves in figure 2).

Sample UD74K UD79 UD87

K0 (%) 0.056 0.055 0.078

K1 (%) 0.018 0.0214 0.015

K2 (%) −0.01 0.0045 0.006

nQ (MHz) 1.05 1.0174 1.05

η 0.386 0.3738 0.385
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Thefield and temperature dependence of sm for our two underdoped samples suggests Curie-Weiss
behavior, shown infigures B1 andB3, where sm is divided by, gH , consistent with the equation,

s s= +
- Q

( ) ( )T H
CH

T
, . B1m 0

Themagnetic contributions for different fields coalesce into a common temperature dependence, that can be
understood in terms of paramagnetic impurities as reported for Bi2212 [49] andY123 [50].

Figure B1.Magnetic and quadrupolar contributions to the total linewidth as a function of temperature obtained from thefitting.
Error bars are statistical.

Figure B2.To get a linewidth that is representative of one field, we have averaged sq at all temperatures at thatfield. The error bars
shown here are statistical.
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