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Hg Knight shift and spin-lattice relaxation in HgBa2Cu04+b
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Hg NMR spectra and T, ' are reported for two samples of HgBa2Cu04+z with superconducting transi-

tions at T,=95 K and T,=80 K, respectively. The spectra are characteristic powder patterns with large

anisotropic shifts: 3K = —0.43% and —0.52%, respectively, for the two samples at room temperature with

negligible temperature dependence below T, . The isotropic Knight shifts were of order K; =+0.11% with

respect to a Hg(NO3)2 aqueous solution. The relaxation rate is Korringa-like above T, while below T, the

relaxation rate drops down exponentially without enhancement near T, .

The recently discovered high-T, superconductor HgBa2
Cu04+ s is of particular interest since it has the highest criti-

cal temperature (T,=95 K) among the single Cu02 layered

compounds. ' One attractive feature of the system is its rela-

tively simple structure. ' There is only one kind of Cu site in
the usual square planar coordination with four oxygen atoms
and the copper oxide planes are linked by the 0-Hg-0 chains
which involve the apical oxygens [denoted O(2)]. The addi-

tion of oxygen to the interstitial sites in the planes of mer-

cury atoms appears to be the doping mechanism responsible
for the conducting and the superconducting properties of the
system. An additional point of interest concerns the mag-
netic properties since the irreversibility line is intermediate
between the characteristic strongly pinned flux lines in Y-Ba-
Cu-0 compounds and the weakly pinned Bi-based and Tl-
based compounds.

The '9sHg nucleus (I=-,') is a promising probe for a
NMR study of the electronic properties in view of the lack of
quadrupole interaction, the large atomic hyperfine coupling
constant, and its location in the crystal lattice.

In this paper we report a '
Hg NMR study in two pow-

der samples of single-phase HgBa2Cu04+~ with T,=95 K
and T,=80 K, respectively. The shift of the NMR line is
found to be highly anisotropic reflecting the linear configu-
ration of the Hg-O(2) bonds in the dumbbell shape. The
nuclear spin-lattice relaxation rate is found to be driven by
the coupling with the Fermi liquid of the electronic carriers
and it gives information about the opening of the supercon-
ducting energy gap.

The samples were prepared by heating stoichiometric
amounts of oxides HgO, BaO, and CuO sealed in a silica
tube evacuated to 10 Torr. The heating cycle was: heating
a rate of 200 'C/h up to 680 to 750 'C, holding for 0.5—10 h,
and then cooling down slowly to room temperature. The pel-
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FIG. 1. X-ray powder-diffraction data for the powder
HgBa2Cu04+ z sample A.

lets were annealed at 260 'C in an oxygen atmosphere for 6
h (sample A). Part of the sample A was further annealed in

flowing argon at 450 'C for 24 h to reduce the oxygen con-
tent and consequently T, (from T,=95 K to T,=80 K).
Two samples of HgBa2Cu04+sA sn (bA&@) were finally

prepared in powder form for the NMR measurements:
sample A (T,=95 K) and sample B (T,=80 K). Both
samples show the same x-ray powder-diffraction pattern. The
x-ray spectrum for sample A is shown in Fig. 1. All peaks
can be indexed by the tetragonal HgBa2Cu04+~ structure '

with lattice parameters: a =3.87 A and c=9.49 k No ob-
servable lines of spurious phases are present.

The zero-field-cooled magnetization curves are shown in
Fig. 2. The Meissner fraction is estimated to be about 60%
for sample A and 30% for sample B, which are quite reason-
able values for powder samples. Sample powders were as-
sumed for simplicity to be spherical in shape so a demagne-
tization factor of —,

' was used.
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FIG. 2. Zero-field-cooled magnetization vs temperature. The two

HgBa2Cu04+q samples, A and B, differ by the excess oxygen con-
tent 8; BA&83.
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Frequency (MHz) Frequency (MHz)

HgBa2Cu04+h T (K) X;„(%) 3K (%) T,T (sec K)

Sample A

(T,=95 K)
294
42

+0.11
+0.08

—0.43
—0.41

10.5

Sample B
(T,=80 K)

294
41

+0.10
+0.08

—0.52
—0.49

12.3

Hg NMR measurements were performed with a phase
coherent pulse Fourier transform (FT) spectrometer at 8.2 T
with a few measurements performed also at 4.7 T. A broad

Hg spectrum was obtained by plotting the intensity of the
echo signal following a (m/2)„—r (m)» se—quence as a
function of a series of discrete spectrometer frequencies. rf
pulses with long pulse length and small amplitude were used
to reduce experimental broadening effects. The typical m/2

pulse length was 20 p,sec corresponding to an rf magnetic
fieM strength of 16 6.The nuclear spin-lattice relaxation rate
measurements were performed by monitoring the echo signal
for a variable time after the end of a saturating pulse train of
several m/2 pulses. The recovery of the magnetization was
found to be exponential at all temperatures.

The '
Hg NMR spectra at several representative tem-

peratures are shown in Fig. 3 for both samples A (T,= 95 K)
and B (T,= 80 K). In the normal state (T)T,) the spectra
were textbook examples of a powder pattern in the presence
of axially symmetric anisotropic shift tensor and no measur-
able temperature dependence was observed. For T&T, the
center of gravity of the spectrum shifts slightly to lower fre-
quency and the line width of each component of the powder
pattern increases. The shift to lower frequency is due in part
to demagnetization effects and in part to the suppression of
the isotropic Knight-shift component by the opening of the
superconducting energy gap. The separation of the two ef-
fects is impossible in a randomly oriented powder sample.
The broadening of the NMR line below T, is associated with
vortex lattice. The situation is similar to the one found for

Tl NMR in T128a2Ca2Cu30io+a The values of the
isotropic component of the shift K;„=(Ki+2K~)/3 and for
the axial component 3K,„=K~~—K~ are reported in Table I

TABLE I. '
Hg Knight shifts K; and 3K,„values for two

temperatures for samples A and B. '
Hg T&T values in the normal

state (T)T,) for samples A and B.

FIG. 3. Representative '
Hg NMR spectra at 00=8.2 T for

samples A and B. The spectra were obtained point by point by
plotting -the echo intensity vs a series of spectrometer frequencies.
Each spectrum contains about 100 points which have been interpo-
lated.

for two temperatures. Here Kl and K~ refer to the shift for
grains in the powder having the c axis parallel and perpen-
dicular to the applied magnetic field, respectively, and were
measured with respect to the '

Hg resonance in an aqueous
solution of Hg(NO3)z.

%e discuss first the axial component of the shift whose
value does not depend upon the choice of the '

Hg NMR
reference sample or gyromagnetic ratio. The contribution to
the shift anisotropy from the dipolar field at the ' Hg site,
due to the two nearest-neighbor Cu electron spins above and
below the Hg nucleus along the c axis, can be calculated
from the expression

2 (2p, i+ pi)
3K.„=Kl K,=-

0

where p, i ~ are the paramagnetic moments of the Cu ion
induced by the applied field Ho. Assuming an isotropic sus-
ceptibility per atom y= p,/Ho=4X10 which was mea-
sured in Cu02-based high-T, systems and from the known
Hg-Cu distance, ' one has 3K,„=—10 %, which is neg-
ligible compared to the experimental value in Table I. Since
3K does not change appreciably below T, , we can tenta-
tively conclude the large observed anisotropy originates
mostly from the orbital currents induced by the field Ho in
the linear dumbbell configuration of the Hg-O(2) bond. This
large chemical shift anisotropy can include, in principle, both
diamagnetic terms and paramagnetic terms. Using Ramsey's
expression the calculated shift can yield information about
the Hg-O(2) bonding wave functions. The increase of 3K
in sample B is in qualitative agreement with the decrease of
the Hg-O(2) distance when some of the excess interstitial
oxygen are removed. If the electronic currents set up by the
magnetic field were localized around the oxygen atoms one
could use a crude dipolar approximation to estimate the ef-
fective orbital moment p, needed to ex lain the anisotropic
shift. By using, in Eq. (1), r= 1.977 [Hg-O(2) distance]
and HO=8. 2 T one finds p, =0.04gsa (ps is a Bohr mag-
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FIG. 5. Log-log plots of '
Hg T, ' vs temperature for sample A

which shows T3 dependence at low temperatures: (6) at 4.7 T and

(~) at 8.2 T. The inset is a semi-log plot of (T,/T, T) data at 8.2 T
vs (T/T, ): It displays the fit according to Eq. (2) in the text with

constants P=0.127 Hz and Q=4. 1.

FIG. 4. (T,T) ' vs temperature of ' Hg in HgBa2Cu04+b .. (a)
at 4.7T (L) and at 8.2 T (0) for sample A; (b) at 8.2 T for sample

B. The dashed lines represent the Korringa behavior (see Table I)
and the solid lines are the best fit for T,(T,)/T, (T)
=exp[ —L(T)/AT] with h(T) given by Eq. (3) and the parameters

in Table II.

neton). This value of p is too large and one can thus con-
clude a large degree of covalency must be involved in the
Hg-O(2) bond. It is also possible there is a non-negligible
contribution to 3K from the spin susceptibility of the apical
oxygen sites originating from the coupling with the holes
associated with the excess interstitial oxygen.

The isotropic component of the shift tensor, K;, is dif-
ficult to estimate in absolute terms because of the possibility
of moderate chemical shift values of the Hg

+ in the NMR
reference aqueous solutions. For the reference used here,

Hg(NO3)z, the effective gyromagnetic ratio y/2w is 7.6120
MHz/T. If one uses the value quoted for the bare nucleus,
i.e., y/2m= 7.5901 MHz/T then the values of K;„in Table
I should be increased by +0.33%. The decrease of K;„
below T, is small (see Table I) and is of the same order of
magnitude one expects from demagnetization effects. We
conclude that accurate measurements of K; (T), which can
in principle give information about the Fermi liquid, appear
problematic and should be attempted only if good single
crystals of sufficient size become available.

Fortunately, the coupling of Hg nuclei with the Fermi
liquid of quasiparticles can be investigated through the spin-
lattice relaxation rates, T, '. The temperature dependence of
(TiT) ' is shown in Fig. 4 for both samples. The measure-
ments were performed at the frequency in the spectruni (see
Fig. 3) corresponding to the singularity (maximum ampli-
tude) in the powder pattern due to the grains oriented per-
pendicular to the field. Thus the T, ' results refer approxi-
mately to the condition H+c axis. Above T, , a Korringa
behavior of T, ' is observed with the values of (T,T) re-
ported in Table I. By using K;~ from Table I the experimen-
tal Korringa ratio K; T,T=1.3X10 (sec K) is close to

T,/T, T=P exp(Q T/T, ), (2)

which seems to be a general signature of the character of the
superconducting state. The fit of Eq. (2) with different values

the theoretical value ' for a simple s-band metal, i.e.,
(8m ka/h)(yN/y, ) =0.83 X 10 (sec K). No particular
significance can be attached to this agreement because the
exact value of K; depends on the NMR reference solution
or y/2m value used. However, the Korringa behavior even
for the underdoped sample B tells us that the effect of the
antiferromagnetic (AF) fluctuations of Cu moments is small
or is canceled exactly on Hg sites. The cancellation occurs
only if the antiferromagnetic fluctuations are correlated in
three dimensions. Both the values of the K~ and (T,T)
are much smaller than in liquid Hg metal with a similar
situation for the Y NMR shift and relaxation rate in

YBa2Cu307 compared to Y metal. These observations are
consistent with a low density of carriers in the Cu02 planes
and the position of the Hg (Y) ion out of the conducting
planes.

As seen in Fig. 4 (T,T) ' drops rather sharply below

T, indicating the opening of an energy gap. The quantitative
interpretation of the temperature dependence of (T,T) ' be-
low T, is complicated by the possible contribution to nuclear
relaxation coming from the vortex lattice. The contribution
can originate either from modulation of the internal field due
to vortex thermal fluctuations or from relaxation in the nor-
mal metal at the core of the vortex and subsequently with
spin diffusion to the nuclei in the superconducting regions. '
Both the above contributions depend on the applied field and
can, in principle, be separated by looking at the limit of
T, ' for Ho —+0. ' As can be seen in Figs. 4 and 5, no de-
tectable field dependence can be observed in the range 4.7—
8.2 T for ~c axis. Although a more complete study in
oriented powders or single crystal is necessary to reach a
firm conclusion, we are encouraged to analyze the data in
terms of a dominant contribution to relaxation due to the
coupling of Hg with the Fermi liquid of carriers.

As shown in the inset in Fig. 5, the data fit the behavior
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TABLE II. Optimum fitting parameters of the BCS theory to
measured T& values.

/J, (0)/keT,
dC]C

Sample A

1.61
0.91

Sample B

0.94
0.87

BCS (theory)

1.76
1.41

of constant P and Q is found to hold in most Cu-based high-
T, superconductors and for the different nuclei probes. '
However, no physical explanation for this behavior has been
proposed.

A fit which bears physical meaning is the exponential fit:
T,(T,)/T&(T)=exp[ h(T)/—kttTj which describes the de-
crease of quasiparticles available to relax the nuclei due to
the opening of an energy gap h(T). The exponential de-
crease of T, ' should occur only for T&&T, while near T, one
may have an enhancement due to the singular behavior of the
density of states near the gap edges. ' This so-called Hebel-
Slichter peak has not been reported in high-T, materials and
its absence has received many explanations, the most rel-
evant being the anisotropy of the gap. As shown in Fig. 4 the
data below T, can be fit reasonably well with an exponential
behavior and using a common interpolation formula for the
temperature dependence of the gap:

7rkttT ~bc~' lT
A(T) =A(0)tanh ~

—1iCJ iT )

where hC/C is the jump in specific heat at T, . The param-
eters obtained from the fit are shown in Table II. The fit is
good for sample A. However, for sample B there is a reduc-
tion of the quantity (TtT) ' starting at a temperature -10
K above T, . A similar effect was first observed for Cu
relaxation in YBazCu30s Q3 (Ref. 14) and later recognized to
be a common feature of oxygen-underdoped Cu-oxide high-
T, superconductors. ' The behavior is associated with the
effect on AF fluctuations of the coupling of Cu moments

with the Fermi liquid, similarly to what was observed in
heavy fermion systems. ' However, in the case of
HgBa2Cu04+z, the coupling of '

Hg to the Cu moments
should be small judging from the Korringa behavior ob-
served in the normal state, thus one should also consider
alternative explanations such as a nonuniform distribution of
the excess oxygen and the consequent distribution of T, val-
ues. If the gap is anisotropic with a line of zeros on the Fermi
surface, one should observe a T temperature dependence of
T, ' at T&&T, in analogy to heavy-fermion systems. ' Mar-
tindale et al. ' have recently fit the low-field relaxation rates
of Cu and ' 0 in YBa2Cu307 with a T dependence
claiming that the temperature dependence for T&&T, was an
indication of d-wave orbital pairing. A T dependence was
compared with our experimental data in Fig. 5. At T(&T, the
T dependence may indeed be a better fit of the data. How-
ever, it is clear that a firm conclusion about the T dependence
that fits the data best cannot yet be drawn.

In summary we have characterized the '
Hg NMR in the

newly discovered superconductor HgBa2Cu04+ &. The main
features are the very large anisotropic shift which is related
to the linear Hg-O(2) bonding configuration and the
Korringa-like temperature dependence of T, ' for T&T, and
nearly exponential reduction of T, ' below T, . Both these
features indicate '

Hg in Hg-based high-T, superconduct-
ors is a good probe to test the opening of the superconduct-
ing energy gap in the quasiparticle spectrum. In order to
obtain detailed information about issues such as the anisot-
ropy of the gap and/or s-wave states vs d-wave states one
must make more extensive measurements with an oriented
powder or a single crystal which should include the field
dependence for different orientations of the crystal.
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