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199Hg NMR measurements have been performed both in the normal and in the superconducting state for an
oriented HgBa2CuO41d superconducting powder sample withTc596 K. The large anisotropic Knight shift of
199Hg, 199Kax520.15% at room temperature, is explained by the chemical shift related to the linear Hg-O~2!
bonding configuration. Both199K iso and

199Kax decrease belowTc and scale linearly with each other in the
whole temperature range investigated. The199Hg Knight shift 199K slowly decreases with decreasing tempera-
ture on approachingTc in the normal state, reflecting the decrease of the uniform spin susceptibilityx8~0,0!
with lowering temperature. The199Hg spin-echo decay can be fit by the product of a Gaussian component
(TG

21) and an exponential one (TL
21). The Gaussian componentTG

21 which is dominant aboveTc , is shown
to be due mainly to an indirect nuclear interaction via the conduction electrons~holes! and is found to be
directly proportional to the spin contribution~199Ksp! of the Knight shift. The exponential componentTL

21

becomes dominant well belowTc and is ascribed to the effect of thermal motion of flux lines. The199Hg
nuclear spin-lattice relaxation rateT1

21 in the normal state shows a Korringa behavior well aboveTc with
(T1T)

2150.1 sec21 K21. Reduction of (T1T)
21 with decreasing temperature is observed starting about 10 K

aboveTc and is consistent with the decrease ofx8~0,0! in the normal state observed inK(T) and TG
21 .

199Ksp(T) was extracted using the Korringa relation and belowTc , is found to fit thed-wave pairing scheme
with a superconducting gap parameter 2D053.5kBTc . Thed-wave pairing is also supported by the temperature
dependence of199Hg T1

21 in the superconducting state. The63Cu T1
21 and T2

21 measurements have been
performed in the normal state. In contrast to the Korringa behavior of199Hg T1

21 in the normal state, the
preliminary results show the increase of the63Cu (T1T)

21 with decreasing temperature, indicating the en-
hancement of the antiferromagnetic fluctuations of Cu21 moments common in the high-Tc cuprates. The
reduction of63Cu (T1T)

21 is observed starting aboveTc and is compared with the decrease of
199Hg Ksp, TG

21,
and (T1T)

21 in the normal state. The63Cu nuclear spin-spin relaxationT 2
21 is found to follow an exponential

decay in the normal state and to decrease with decreasing temperature similar to the199Hg Ksp andTG
21.

@S0163-1829~96!01025-9#

I. INTRODUCTION

NMR ~nuclear magnetic resonance!, as a microscopic
probe of local magnetic fields, has played an important role
in investigating electronic properties1–3 and vortex dynamics
of high-Tc superconductors~HTSC!.4

HgBa2CuO41d ~Hg1201! which has the highest critical
temperature,Tc , among the single CuO2 layered compounds,
is a good system for an NMR study of HTSC because of its
relative simple structure5 and its stability with respect to oxy-
gen stoichiometry. There is only one kind of Cu site in the
usual square-planar coordination with four oxygen atoms in
the same plane of the Cu. The copper-oxide planes are linked
by O-Hg-O chains which involve the apical oxygens@de-
noted O~2!#. As proved in the preliminary199Hg NMR study
in Hg1201 powder sample,6 199Hg nucleus~I5 1

2! is a prom-
ising probe for an NMR study of the properties of the Fermi
liquid because~i! there is no perturbation due to quadrupole
interaction, and~ii ! the large atomic hyperfine coupling con-
stant allows one to have a sensitive probe of the behavior of

the Fermi liquid. In addition, the symmetric location of Hg in
the crystal lattice can afford a probe to test the existence of
the ~antiferromagnetic! correlations between adjacent CuO2
planes.

In this paper, we report a199Hg and63Cu NMR study in
an oriented sample of single-phase Hg1201 withTc596 K
aimed at the microscopic study of the behavior of the Fermi
liquid both in the normal and in the superconducting state.
The 199Hg Knight shift (K), the nuclear spin-spin relaxation
rate ~T2

21!, and the nuclear spin-lattice relaxation rate
~NSLR, T1

21! have been measured as functions of tempera-
ture for two crystal orientations with respect to the applied
field H; Hic andH'c. All the 199Hg NMR parameters are
found to be driven by the coupling with the Fermi liquid of
the charge carriers and they give information about the spin
susceptibility in both the normal and the superconducting
state including the superconducting energy gap and the sym-
metry of pairing in the superconducting state. A small anisot-
ropy in the relaxation rate with respect to the magnetic-field
orientation is observed belowTc and above the irreversibility
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temperature. The effect can be ascribed to a contribution to
nuclear relaxation associated with the thermal motion of vor-
tices as discussed in a separate publication.7 The63Cu NSLR
has also been measured forHic to investigate the antiferro-
magnetic fluctuations and the problem of the opening of a
spin pseudogap.

The paper is organized as follows. In Sec. II we introduce
the NMR background which is helpful to understand this
paper. In Sec. III we present the experimental details and in
Sec. IV the199Hg and63Cu NMR results. Data analysis and
discussion are given in Sec. V followed by summary and
conclusions in Sec. VI.

II. NMR BACKGROUND

Nuclear magnetic resonance~NMR! measurements pro-
vide local microscopic information about both static equilib-
rium properties through the line shift and dynamic properties
through the nuclear relaxation rates. A time-dependent lo-
cal magnetic hyperfine fieldH loc is generated by the electron
spin or the electron orbital motion. NMR parameters such as
K, T1

21, andT2
21 monitor the hyperfine interaction between

the nuclear spins andH loc .
8,9 The shift tensorK expresses

the NMR line shift from the Larmor frequency and reflects
the time average ofH loc . The total shiftK tot can be decom-
posed in general into spin~Ksp! and orbital contributions
~Korb!

Ka
tot~T!5Ka

sp~T!1Ka
orb, ~1!

wherea is an index which specifies the orientation of the
external magnetic field with respect to the crystal axis system
and Korb is the sum of the Van Vleck termKVV and the
chemical shiftd.

The two contributions toK in Eq. ~1! can be expressed in
terms of the hyperfine coupling constantA and of the static
local susceptibilityx as8,9

Ka
sp5Aa

spxa
sp,

~2!
Ka
orb5Aa

orbxa
orb1d.

Below the superconducting transition temperature (Tc), K
orb

remains temperature independent, whereasKsp is expected to
decrease with decreasing temperature in the superconducting
state due to the decrease of the quasiparticle density of state
at the Fermi level as a result of the opening of the supercon-
ducting gap.

For an axially symmetric shift tensor, the isotropic~K iso!
and the axial component~Kax! are defined as9

K iso5
1

3
~K i12K'!,

~3!

Kax5
1

3
~K i2K'!,

whereK i(K') denotes the Knight shift for the applied field
parallel~perpendicular! to the axially symmetricc axis of the
crystal. In measuring the Knight shift belowTc one should
take into account the macroscopic contribution due to the
magnetization10

Kmeas~T!5K~T!14p~12N!
M ~T!

H
~ in cgs unit!, ~4!

whereKmeasis the measured Knight shift andK is the intrin-
sic one. Both the magnetizationM and the external magnetic
field H are in Gauss units. The demagnetization factorN for
a granular sample is not uniform. An average valueN50.45
is often assumed, independently of the orientation of the ex-
ternal magnetic field.1

The fluctuating part of the local hyperfine magnetic field
is the source of the nuclear spin-lattice relaxation. The NSLR
T1

21, can be written quite generally in terms of the general-
ized dynamical spin susceptibilityx9 and of the nuclear-
electron hyperfine coupling constantsA as11

S 1

T1T
D

a

54gN
2kB(

q
uAa~q!u2

x9~q,v0!

v0
,

Aa~q!5(
j

~Aj !ae
iq•r, ~5!

where v0 is the nuclear resonance frequency,gN is the
nuclear gyromagnetic ratio, andkB is the Boltzman constant.
The presence of the filtering factorsA(q) in Eq. ~5! allows
one to use different nuclei in the same system to probe dif-
ferent regions inq space ofx~q,v!. In Hg1201 one has
A~qAF!50 for the hyperfine interaction of199Hg nucleus with
the Cu moments provided that the Cu electronic spins are
antiferromagnetically~AF! correlated atq5qAF both within
a given CuO2 plane and between adjacent planes. Hence, the
199Hg is a good microscopic probe of the response of the
electronic system atq50 just as 89Y is in YBa2Cu3O7
~Y123! and Y-based HTSC.199Hg has the noticeable advan-
tage over89Y NMR of a larger nuclear moment and a larger
hyperfine coupling constant. For63Cu one can use the model
Hamiltonian adopted to analyze Knight shift and spin-lattice
relaxation12 and write for the filtering factorsA(q) in Eq. ~5!

A~q!uHic5A'12B@cos~qxa!1cos~qya!#, ~6!

whereA' is the on-site anisotropic coupling tensor, whileB
is the isotropic transferred hyperfine coupling for each of
four nearest-neighbor Cu spins which are assumed to be cor-
related. Equation~6! shows that unlessA';4B, the 63Cu
site is sensitive to enhancement of the generalized spin sus-
ceptibility at the antiferromagnetic wave vectorqAF5p/a.

If one models the generalized susceptibilityx~q,v! ~Ref.
13! for the highly correlated electronic system then the
NSLR can yield useful information through Eq.~5!. One of
the main issues in HTSC is whether the Fermi liquid of
doped oxygen holes and the Cud electrons form a single-
spin fluid described by a unique spin susceptibilityx~q,v! or
by the sum of two independent contributions:
x(q,v)5x0(q,v)1xAF~q,v!. In either case the Cu spins
which are strongly coupled by an antiferromagnetic~AF! ex-
change interaction are expected to give rise to an enhanced
susceptibility forq5qAF .

In the presence of a weakly interacting Fermi gas and for
a direct contact and/or dipolar hyperfine interaction of the
conduction electrons with the nucleus the expression in Eq.
~5! reduces to the Korringa relation9
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K2T1T5S,
~7!

S5
h

8p2kB
S ge

gN
D 2,

wherege is the gyromagnetic ratio of a free electron andgN
is the nuclear gyromagnetic ratio. TheT andK dependence
of T1

21 are found to be described by Eq.~7! also for a cor-
related and strongly interacting Fermi gas provided that the
orbital contribution to NSLR is negligible and that one uses
in Eq. ~7! only the spin contribution to the total shift,Ksp(T).
However, in the presence of interactions and of correlations
among conduction electrons the so-called Korringa ratio, i.e.,
K2T1T/Smay be found to be quite different from unity.1,9

III. EXPERIMENTAL DETAILS

A. Sample

A single-phase powder sample of optimally oxygen-
doped Hg1201 withTc596 K was prepared by the method
described in detail elsewhere.14,15 The powder grains of an
average diameter 12–20mm were mixed with a low viscos-
ity and low magnetic susceptibility out-gassed epoxy
~EPOTEK 301! in a Teflon container and placed in a mag-
netic field of 8.2 T for 15 h. A flat-plate sample was prepared
for the x-ray-diffraction studies to test whether thec axis of
the grain-aligned sample was perpendicular to the surface of
the plate. At the same time cylindrical samples with different
sizes were made for both magnetization and NMR measure-
ments.

X-ray-diffraction patterns for an aligned sample is shown
in Fig. 1 where the enhancement of background intensity at
low diffraction angle is from the amorphous epoxy. By com-
paring the relative intensity of the~003! line with the ~102!
main line characteristic of the randomly oriented powder,6

we could estimate that more than 85% of the grains are
aligned with the crystallitec axis along the field. Although
the alignment obtained is not perfect, it is sufficient to give
detailed information on the orientation dependence of Knight
shift and relaxation rates because of the large anisotropy of
the Knight shift in the whole temperature range investigated.
These data will be shown and discussed in Sec. IV.

The sample quality after alignment was characterized by
dc magnetization measurements to test whether the sample
has been contaminated in the alignment process or not. As
shown in Fig. 2, a sharp superconducting transition was ob-
served for the aligned sample, strongly suggesting that the
sample quality was not affected by the alignment process.

B. Measurements

X-ray-diffraction and dc magnetization measurements us-
ing Quantum Design superconducting quantum interference
device spectrometer were performed to characterize the
aligned Hg1201 powder sample.199Hg and 63Cu NMR
measurements were performed in a magnetic field of 8.2 T
with a homebuilt coherent Fourier transform~FT! pulse
spectrometer16 operating at 62 and 93 MHz, respectively.
Typicalp/2 radio frequency~rf! pulse lengths for199Hg were
4 ms corresponding to an rf magnetic-field strength of 80 G.
The rf field strength was sufficient to cover the whole spec-
trum with the linewidth less than 60 kHz above 20 K for
both orientations. NMR spectra were obtained from the FT
of half of the echo signal using typical two-pulse Hahn echo
method~TPHE!.17 The spin-echo decay rateT2

21 was moni-

FIG. 3. Representative199Hg NMR spectra atH58.2 T for a
randomly oriented powder sample~upper trace! and for the aligned
sample for both orientations;Hic andH'c ~lower trace!.

FIG. 1. X-ray-diffraction pattern of an optimally oxygen-doped
HgBa2CuO41d powder sample with grains aligned with a common
crystallitec axis.

FIG. 2. dc magnetization forHic vs temperature for the aligned
HgBa2CuO41d sample:~s! zero-field cooled, and~d! field cooled.
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tored with a TPHE sequence (p/2)x2t2(p)y with variable
t separation. The nuclear spin-lattice relaxation rate~NSLR,
T1

21! measurements were performed by monitoring the return
to thermal equilibrium of the nuclear magnetization with a
p/2 rf pulse after inverting the magnetization with ap rf
pulse.17 The 63Cu NMR measurements were performed only
for Hic where no second-order quadrupole shift of the NMR
central line transition~1/2↔21/2! is present. The63Cu
NSLR was measured from the recovery of the nuclear mag-
netization following a long saturation sequence. The value of
1/T1[2W was obtained from the fitting of the recovery
to the law: [M (`)2M (t)]/M (`)5C1exp(22Wt)
1C2exp(212Wt) yielding C1>0.45 andC2>0.55 in the
whole temperature investigated, which are close to the theo-
retical valuesC150.4 andC250.6.

All measurements were taken in field-cooled conditions
with an applied magnetic field of 8.2 T which is much
greater than the low critical fieldHc1, and in the temperature
range 10 K,T,300 K for two crystal orientations with re-
spect to the applied magnetic field:Hic andH'c.

IV. RESULTS

A. 199Hg NMR spectrum and Knight shift „K…

Representative199Hg NMR spectra in the oriented powder
sample are shown in Fig. 3 for both orientations;Hic and
H'c, and compared with the powder spectrum obtained from
a randomly oriented powder sample of Hg 1201~Ref. 6! in
order to show the good correspondence of the powder pattern
features with the oriented powder signals. The signals for the
oriented powder are slightly anisotropic revealing the pres-
ence of some powder not aligned as indicated also by the

x-ray-diffraction pattern in Fig. 1. In spite of the small de-
gree of misalignment of the sample, the large anisotropy of
the Knight shift allows for sufficient spectral resolution to
measure the orientation dependence of the Knight shifts and
the relaxation rates with good accuracy.

The Knight shifts,K i and K' , were obtained from the
relative frequency shift of the peak positions of the spectra
with respect to the199Hg resonance frequency in an aqueous
solution of Hg~NO3!2. The results are shown in Fig. 4 as a
function of temperature, while in Table I we give numerical
results for three representative temperatures. BothK i andK'

are found to decrease rapidly belowTc as expected for the
superconducting gap opening. An interesting feature for the
interpretation of the data is the linear relation betweenK i and
K' which holds in the whole temperature range investigated
as shown in the inset of Fig. 4. A linear relation betweenK i

andK' was previously reported for89Y NMR in YBa2Cu3O7
~Y123!.18

B. 199Hg nuclear spin-lattice relaxation rate „NSLR, T1
21
…

The 199Hg nuclear magnetization recovery was found to
obey a single exponential law in the whole temperature range
investigated. The results for NSLR,T1

21 are shown in Fig. 5
as a plot of (T1T)

21 vsT for both orientations of the external
magnetic field with respect to the tetragonalc axis. The Ko-
rringa behavior, (T1T)

21>0.1 sec21 K21, in the normal state
and the sharp decrease of (T1T)

21 below Tc observed here
are in good agreement with the preliminary199Hg NMR
measurement performed in the Hg 1201 powder sample.6

The absence of a measurable orientation dependence ofT1
21

in the normal state is an important result considering the

FIG. 4. Temperature dependence of the199Hg NMR shift for
two orientations of the external magnetic field with respect to the
tetragonalc axis: ~s! K i for Hic, and ~d! K' for H'c. Note the
different scales forK i andK' . The inset is a plot ofK i vs K' .

TABLE I. 199Hg Knight shifts in Hg1201 at three representative temperatures;K tot is the observed total
Knight shift andKsp is the spin contribution term extracted by using the Korringa relation. The data below are
corrected for the demagnetization effects as discussed in the text.

T ~K! K i
tot ~%! K'

tot ~%! K iso
tot ~%! Kax

tot ~%! K iso
sp ~%! Kax

sp ~%!

294 20.19 0.26 0.11 20.15 0.07 '0.0
102 20.21 0.25 0.10 20.15 0.06 '0.0
15 20.25 0.20 0.05 20.15 '0.0 '0.0

FIG. 5. Temperature dependence of (T1T)
21 of 199Hg for both

orientations of the external magnetic field:~s! Hic, and~d! H'c.
The dashed line is a fit to a Korringa behavior, (T1T)

2150.1 sec21

K21.
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large anisotropy ofK. The measurements reported here are
more accurate than the previous powder measurements and
allow one to measure a small but detectable deviation from a
constant (T1T)

21 starting about 10 K aboveTc .
Below Tc the NSLR drops rapidly without any sign of a

coherence peak, a common trend in HTSC. An anomalous
enhancement of (T1T)

21 can be observed around 30 K for
Hic. The anomaly is explained by an additional relaxation
mechanism due to the thermally activated flux motion. A
systematic investigation of this effect with measurements at
different applied magnetic fields is reported in details
elsewhere.7

C. 199Hg nuclear spin-spin relaxation rate „T2
21
…

The relaxation of the transverse magnetization which is
characterized by the spin-spin relaxation rateT2

21 shows an
unusual temperature dependence. AboveTc the decay of the
transverse nuclear magnetization,M (t) in a TPHE experi-
ment follows a Gaussian law. BelowTc the decay becomes
progressively more and more exponential. Some typical de-
cays of the echo amplitude are shown in Fig. 6~a! for the
purpose of illustration of the effect. In order to analyze the
data we utilized two different methods: the simplest is to
define an effective T2eff from the condition
M ~T2eff!/M ~0!51/e; the second method is to fit the spin-echo
decay using the expression19

M ~ t !5M ~0!expS 2
t

TL
DexpF2S t

TG
D 2G . ~8!

The temperature dependence ofT2eff
21 and the two compo-

nents,T L
21 andTG

21, of the spin-echo decay are plotted in
Fig. 6~b! for 199Hg in Hg1201 forHic.

An interesting observation is the anomalous enhancement
of T L

21 which has a peak around 20 K. Similar anomalies of
T2

21 were already reported for89Y in Y123 ~Ref. 20! and
205T1 in T12Ba2Ca2Cu3O101d,

21 and explained by the effect
of thermally activated flux motion. On the other hand, the
Gaussian component of the spin-echo decay, i.e.,TG

21, is
believed to arise from the199Hg nuclear magnetic dipolar
interaction. Its magnitude and temperature dependence is in-
terpreted in the following section as due to the pseudodipolar
interaction via the conduction electrons~holes!.

D. 63Cu nuclear spin-lattice „T 1
21[2W… and nuclear spin-spin

„T2
21
… relaxation rates

The 63Cu nuclear spin-lattice relaxation rateT1
21 ~[2W!

was obtained from the recovery law as explained in Sec. III.
The 63Cu spin-spin relaxation was found to obey an expo-
nential decay in the whole temperature range investigated
from which a singleT2 parameter was measured. The results
for the 63Cu (T1T)

21 ~[2W/T! and T2
21 are shown Figs.

7~a! and 7~b!. As seen in Figs. 7~a! and 7~b!, (T1T)
21 in-

creases with decreasing temperature and starts to drop with
maximum around 110 K aboveTc , while T2

21 decreases
monotonically with decreasing temperature. A large63Cu
Knight shift forHic K i5~1.4760.05!% is observed at room
temperature and is found to decrease slightly with decreasing
temperature yieldingK i5~1.4360.05!% atT'100 K.

FIG. 6. 199Hg nuclear spin-spin relaxation:~a! Representative
decays of the spin-echo amplitude as a function of the pulse sepa-
ration in a two-pulse Hahn echo experiment.~b! Temperature de-
pendence of the different parameters extracted from the fit of the
spin-echo decay:~d! T2eff

21 , ~n! TL
21, and~L! TG

21 ~see the text for
details!.

FIG. 7. 63Cu NMR in HgBa2CuO41d for Hic: ~a! (T1T)
21 vsT.

The solid line is a fit to (T1T)
215C/T yielding C52740 K. ~b!

T2
21 vs T.
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V. DATA ANALYSIS AND DISCUSSION

A. Anisotropy of the 199Hg shift tensor

The 199Hg NMR shift is very anisotropic as is evident
from the spectra in Fig. 3. In our previous report6 we con-
cluded that the large observed anisotropy originates mostly
from the orbital currents induced by the fieldH in the linear
dumbbell configuration of Hg-O~2! bond.

The NMR data obtained from an oriented Hg1201 sample
strongly support the previous conclusion in several ways.
The total axial shiftK ax

tot defined in Eq.~3! remains almost
constant asT→0, as shown in Fig. 4 and Table I, indicating
thatK ax

tot is not related to the spin susceptibility. Furthermore
it is unlikely that the shift anisotropy can originate from an
anisotropy of the temperature-independent Van Vleck~VV !
contribution to the magnetic susceptibility. Such an anisot-
ropy would be at least partially reflected in NSLR,T1

21,
behavior which instead is practically isotropic above 50 K as
shown in Fig. 5. Finally in order to estimate the contribution
to the shift anisotropy from the dipolar interaction of the
199Hg nucleus with the localized Cu magnetic moment, the
dipolar field at199Hg site was calculated by summing over a
cube with a side of length 30 times the lattice parametera of
the tetragonal Hg1201 crystal and using the expression for
the dipolar field,h, from the Cu atr5r j ~Ref. 8!

hj5
3~^m&•r j !r j

r j
5 2

^m&
r j
3 ,

~9!

Kax
dip5

1

3
~K i

dip2K'
dip!5

1

3

( jhi , j2( jh', j

H
,

where ^m& is the thermal average of the paramagnetic mo-
ment of the Cu ion induced by the applied fieldH. Assuming
an isotropic susceptibility per atomx5^m&/H54310228

~Ref. 6! and from the known Hg-Cu distance,d54.76 Å,5

one hasK ax
dip52.431023%. This value is almost two orders

of magnitude smaller than the measured value and has the
opposite sign~see Table I!. Thus we conclude the large ob-
served shift anisotropy should be ascribed almost entirely to
the anisotropic chemical shift originating from the linear
configuration of the Hg-O~2! bond.

Now we discuss the correction for the demagnetization
effects. As seen in the inset of Fig. 8, the anisotropic199Hg
Knight shiftKax is T independent aboveTc and it has a small
but rapid decrease by about 0.01% asT→0 K. The effect can
be ascribed entirely to the contribution to the Knight shift
due to the demagnetization effects. From Eq.~3! and~4! one
has

Kax
meas~T!5Kax

orb1
4p

3H
@~12Ni!M i~T!2~12N'!M'~T!#.

~10!

In the weakly anisotropic HTSC YBa2Cu3O7, one has
M i/M'>5. In our anisotropic system the ratio of the mag-
netizations should be even larger. Thus we can assume
M'(T)!M i(T) and neglect the second term in the parenthe-
sis of Eq.~10!. The temperature dependence of the magneti-
zation forHc1!H!Hc2 can be expressed as22

4pM i~T!52
F0

8pl i
2~T!

lnSHc2

H D , ~11!

whereF052.0731027 G cm2 is the quantum of flux,li(T)
is the penetration length andHc2 is the upper critical field.
By assumingHc2575 T, li~0!51500 Å one can estimate
from Eqs.~10! and ~11! the correction termDKax

M(T50)5
20.033(12Ni)% for H58.2 T which agrees with the ex-
perimental value20.01% forNi50.70. Using the tempera-
ture dependence ofl, l2(T)5l2(0)[12(T/Tc)

4]21 and
from Eqs.~10! and ~11!, one can calculate the temperature
dependence of the contribution of the demagnetization ef-
fects toKax. The calculated values are compared with the
experimental ones in the inset of Fig. 8. The lack of detailed
agreement can be easily explained due to the possible devia-
tion of li(T) from the temperature dependence expected
from the two-fluid model and/or due to the experimental er-
ror in the determination ofKax. However, it is quite clear
that the entireT dependence ofKax belowTc can be ascribed
to the demagnetization effects. Thus we use now the correc-
tion obtained from theT dependence ofKax to correct the
K iso(T) data. We write

K iso
meas~T!5K iso

orb1K iso
sp~T!1

4p

3H
@~12Ni!M i~T!

12~12N'!M'~T!#. ~12!

By assuming M'(T)!M i(T) and (4p/3H)[(1
2Ni)M i(T)]>DKax(T) ~i.e., assuming the temperature de-
pendence ofKax is totally ascribed to the demagnetization
effects! we obtain the intrinsicK iso(T) corrected for the de-
magnetization effects. Figure 8 shows the corrected data to-
gether with the measuredK iso

meas(T). The correction has un-
certainties due to the lack of knowledge of the exact
magnetizationM (T) and of the demagnetization factorN for
the two orientations in this Hg1201 oriented powder.

In addition, the experimental observation of a negligible
anisotropy ofT1

21, 1<T 1,'
21 /T 1,i

21<1.1 in the normal state,
~see Fig. 5! is consistent with a negligible contribution to the

FIG. 8. Plot of the temperature dependence of the199Hg isotro-
pic Knight shiftK iso component as measured and after corrected for
the effects of the diamagnetic shielding belowTc . The inset shows
the temperature dependence of the anisotropic Knight shiftKax
component and the calculated behavior due to the anisotropic
shielding effects belowTc ~see text for details!.
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anisotropic Knight shift from terms related to the spin sus-
ceptibility and/or to the Van VleckT-independent suscepti-
bility.

B. 199Hg Knight shift and NSLR

The observation of the Korringa behavior
(T1T)

215const>0.1 sec21 K21 and the observation of neg-
ligible anisotropy ofT1

21 in the normal state suggest that the
199Hg T1

21 probes the Fermi-liquid behavior atq50 through
the isotropic contact hyperfine interaction without additional
contributions coming from AF fluctuations atq5qAF . This
is consistent with the point symmetry of Hg nucleus which
implies the filtering of AF fluctuations of the Cu spins for
three-dimensional~3D! correlation of the spins. The simple
Korringa relation@Eq. ~7!# is valid for a weakly interacting
Fermi gas. For a highly correlated Fermi liquid the propor-
tionality of (T1T)

21 to K2 may still be valid if the NSLR is
dominated by the uniform~q50! generalized susceptibility.
In order to verify this point we plot ofK iso vs (T1T)

21/2 in
Fig. 9 whereK iso are corrected for demagnetization effects as
discussed above. TheK iso appears to scale linearly to
(T1T)

21/2 for a wide temperature range including the super-
conducting and the normal states~50 K,T,250 K!. The
deviation at high temperature~T.250 K! may be due to a
decrease of the filtering effect at the Hg site reflecting the
decrease of 3D correlation of the AF fluctuations with in-
creasing temperature or simply due to a sample inhomoge-
neity. The deviation at low temperature~T,50 K! can be
explained by an additional relaxation mechanism in the vor-
tex state7 which is not an intrinsic property of the normal
Fermi liquid. Thus, by assuming (T1T)

21/2}K iso
sp(T)5

K iso(T)2K iso
orb and K iso

sp~T50!50, the temperature-
independent termK iso

orb can be obtained by extrapolation to
(T1T)

21/250 as T→0. We find K iso
orb50.053% yielding

K i
orb520.25% and K'

orb510.20% by combining with
K ax
orb520.15%. The spin contribution to the Knight shiftK iso

sp

can be obtained by subtracting the above estimates forK iso
orb

from the total Knight shift.
In Table I, the values ofKsp are shown for representative

temperatures. This analysis~especially forK ax
sp! may include

considerable uncertainties since we obtained the relatively
small value ofK ax

sp by subtracting a large value ofK ax
orb from

the total shift. Using the estimatedK iso
sp , one obtains a Kor-

ringa value,K iso
2 T1T>0.2531025 sec K in the temperature

range 50 K,T,250 K. If we define the Korringa ratiok as9

k[
K2T1T

S
, ~13!

whereS50.8331025 sec K for 199Hg @see Eq.~7!#, we ob-
tain k>0.31 for 199Hg in Hg1201. This can be compared
with the value ofk51.1 derived for199Hg in Hg metal.23 The
Korringa ratio obtained here for199Hg in Hg1201,k>0.31, is
not too far from the values quoted above for the simple Hg
metal thus confirming that the199Hg NSLR is dominated by
the coupling with the normal Fermi liquid without additional
enhancements due to AF fluctuations. It is noted that the
effect of ferromagnetic interactions among conduction elec-
trons which is responsible for the Stoner enhancement of the
uniform spin susceptibility would lead to a Korringa ratio
greater than one,k.1.9 In Hg1201 the deviation of the
Korringa ratio is in opposite direction, i.e.,k,1. This can be
easily explained by the presence inK iso

sp of a small negative
term arising from the exchange polarization ofs electrons by
Cu d electrons9 ~as expected for the single-spin fluid!.

We conclude the199Hg K and T1 are related by the
Korringa relation with a value of the Korringa ratio close to
one as for normal metals. Based on the above conclusion that
199Hg NMR is a good probe to study the behavior of the
Fermi liquid in Hg1201, we will discuss the properties of the
Fermi liquid both in the normal and in the superconducting
state in the following paragraphs.

C. Temperature dependence of the spin susceptibility
from 199Hg K and T2

As shown in the previous paragraph the analysis of the
temperature dependence of (T1T)

21 and of the Knight shift
allows one to separate the component related to the uniform
spin susceptibilityx8~0,0! of the Fermi liquid from the total
shift. The temperature dependence ofK iso

sp(T), which mea-
sures the temperature dependence ofx8~0,0!, is shown in
Figs. 10 and 11.

Before discussing the temperature dependence ofK iso
sp(T)

we would like to reconsider the results of the nuclear spin-
spin relaxation rate. As discussed in Sec. III C the echo am-
plitude decay curve can be fit as the product of a Gaussian
decay characterized by a time constantTG and a exponential
one with a time constantTL . For T.50 K the Gaussian
component is dominant as shown in Fig. 6. At room tem-
peratureTG

2151.2 ms21. This value is considerably larger
than the value (TG

21)dip'0.2 ms21 which can be estimated
from a direct nuclear dipolar interaction among199Hg nuclei.
We stress that only the homonuclear dipolar interaction con-
tributes to the TPHE decay.8 Thus we argue that the echo
decay is dominated by an indirect nuclear interaction. This is
not surprising since199Hg has a very large hyperfine cou-
pling constant. The indirect nuclear interaction can be either
a pseudoexchange interaction of the formA12I1•I2 or a
pseudodipolar interaction of the form
B12[ I1•I223~I1•R12!~I2•R12!/R12

2 #.8 The importance of these
indirect interactions in heavy metals and insulators was well

FIG. 9. Plot of the199Hg NMR shiftsK iso vs (T1T)
21/2: ~s! Hic

and ~d! Hic. The line is a fit to find theT-independentK iso
orb using

the Korringa relation;K iso(T)50.05310.155(T1T)
21/2. The data

are corrected for the demagnetization effects.
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documented in the pioneering works by Bloembergen and
Rowland24 and Ruderman and Kittel.25

In the present case the indirect interaction of the
199Hg nuclei is mediated by the Fermi liquid of oxygen holes
and is expected to be equivalent to the pseudodipolar
interaction in Tl and Hg metals.9 In simple metals one
expects that the pseudoexchange interaction constant
A12 behaves as a function of internuclear distantR as
~sin2kFR22kFR cos2kFR!/R4, wherekF is the conduction-
electron wave vector at the Fermi level.8 The expression for
the pseudodipolar interactionB12 is more complicated and is
related to the non-s components of the wave function of the
conduction electrons.24 In the inset of Fig. 10 we show that
the spin component of the Knight shift appears to be directly
proportional toTG

21. This observation suggests that the indi-
rect pseudoexchange and/or pseudodipolar interaction is sim-
ply proportional to the uniform spin susceptibilityx8~0,0!.
This conclusion is not surprising since the form of the indi-
rect interaction discussed above is asymptotically propor-
tional to kF and hence tox8~0,0!.

It should be emphasized that the Gaussian component in
the spin-echo decay of63,65Cu in Y123 and other HTSC dis-
cussed by Pennington and Slichter26 has the same origin as
the pseudoexchange interaction discussed above as implicitly
recognized in a later work by Imaiet al.27 While for 63,65Cu
and forHic the indirect nuclear interaction is proportional to
the generalized susceptibility atq5qAF as a consequence of
the enhancement ofx8~qAF ,0! due to AF fluctuations and of
the form of the filtering factorsA(q) @see Eq.~5!#, for 199Hg
the indirect nuclear coupling is proportional tox8~0,0! mak-
ing the199Hg nucleus an ideal probe of the Fermi-liquid be-
havior.

As shown in Fig. 10 bothK i
sp and TG

21 decrease with
decreasing temperature starting well aboveTc . Both the ef-
fects onTG

21 and onK must arise from a decrease of the spin
susceptibilityxsp. The decrease ofxsp as evidenced byKsp is
rather common phenomena in HTSC except for the over-
doped Y123 and has been attributed to the opening of a gap
on the spin-excitation spectrum, so-called a spin pseudogap.
Although the origin of the spin pseudogap is still under
debate,3,28,29 the phenomenological description of the tem-
perature dependence for both static and dynamic spin sus-

ceptibility seems to have a common ground.1 Thus we tried
to fit the 199Hg NMR Knight-shift data to the phenomeno-
logical expression given by

K~T!5K0F12tanh2S Dsp

2T D G , ~14!

where the fitting parameterDsp is the apparent spin-gap en-
ergy atq50 andK0 is the constant value at high tempera-
ture. As shown in Fig. 10, the experimentalKsp values are
found to fit well to the Eq.~14! and the fitting valueDsp5106
K is close to the temperature at which (T1T)

21 starts to
decrease.

One can envisage two possible explanations for the de-
crease ofx8~0,0! aboveTc . The decrease can be the conse-
quence of the transfer of spectral weight of the excitations
from low frequency to high frequency. This is the dynamical
spin pseudogap atq50 discussed in the literature. On the
other hand, a decrease ofx8~0,0! could be simply the conse-
quence of the transfer of intensity in the generalized suscep-
tibility x8~q,0! from q50 toq5qAF as result of the enhance-
ment of AF fluctuations provided that the sum rule
x8~q,0!5constant is valid even for the system of nonlocal-
ized magnetic moments.30 The issue of the opening of a spin
pseudogap in our sample appears to be of relevance since the
Hg 1201 used here is optimally doped~Tc596 K! and no
decrease ofx8~0,0! above Tc was observed in optimally
doped Y123.

D. Antiferromagnetic fluctuations and spin pseudogap
from 63Cu relaxation

The linear temperature dependence ofT1
21 for 199Hg led

us to conclude in Sec V B that the antiferromagnetic fluctua-
tions of the Cu21 spins are correlated between adjacent
planes forT,300 K implying a strong AF coupling between
CuO2 layers which may seem surprising in this single layer
material. In order to verify if strong AF fluctuations are in-
deed present we performed the NSLR measurements on63Cu
shown in Fig. 7. The63Cu T 1

21 ~[2W! is practically con-
stant in the range 110 K,T,300 K resulting in the Curie-
type behavior of (T1T)

21 shown Fig. 7~a!. If the generalized
spin susceptibility is strongly peaked atqx5qy5p/a one
expects forHic from Eqs.~5! and ~6!,

63S 1

T1T
D>~A'24B!2x8~qAF,0!J~qAF,0!, ~15!

where we have assumedv0'0 and have partitioned the dy-
namical susceptibilityx9~q,v!/v in a static partx8~q,0! and a
dynamical spectral density functionJ(q,v).31,32 The en-
hancement of (T1T)

21 in the normal state observed in Fig.
7~a! is the clear signature of the enhancement of the AF
fluctuations, i.e.,x8~qAF ,0! in Eq. ~15!. It is noted that the
63Cu Knight shift is practically constant in the normal state
and thus it cannot be responsible for the enhancement of
(T1T)

21.
The maximum present in (T1T)

21 vs T at temperatures
higher thanTc @see Fig. 7~a!# is ascribed to the opening of a
spin pseudogap. Qualitatively the effect is the result of a
competition between the enhancement ofx8~qAF ,0! and a
reduction ofJ~qAF ,0! due to the shift of spectral weight from
low frequencies to higher frequencies. The maximum in

FIG. 10. Temperature dependence of the199Hg Knight shift and
of the Gaussian component of the spin-spin relaxation rate:~s!
K i
sp, and~d! TG

21. The solid line is a fit ofK i
sp by Eq. ~14! in the

text with the fitting parameters;K050.09% andDsp5106 K. The
inset is a plotK i

sp vs TG
21.
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(T1T)
21 of 63Cu should be related to the reduction of199Hg

NMR parametersK andTG
21 ~Fig. 10! and (T1T)

21 ~Fig. 5!
starting aboveTc . Since the

199Hg NMR parameters are sen-
sitive to the uniform susceptibilityx8~0,0! one could con-
clude that the opening of the spin pseudogap involves both
theq50 andq5qAF components of the spin-excitation spec-
trum.

We turn now to a brief discussion of the63Cu T2
21 data

shown in Fig. 7~b!. In other CuO2-based high-Tc supercon-
ductors, forHic, it is found that the spin-echo decay has both
an exponential and a Gaussian component whereby the latter
is related to the static susceptibility atq5qAF , i.e.,
x8~qAF ,0!.

19,26,27,29 In the present case we found that the
spin-echo decay is dominated by the exponential component
with no detectable Gaussian component. An exponential
spin-echo decay is also found in other CuO2-based HTSC for
H'c and the different echo decay for the two orientations is
explained by the anisotropy of the on-site coupling tensorA
in the coupling Hamiltonian Eq.~6!.19 Thus one may argue
the exponential decay observed in Hg1201 forHic is a con-
sequence of different values of theA tensor due to the pres-
ence of apical oxygen. The exponential component is related
to nonsecular spin-flip terms in the Hamiltonian and/or toT1
type of processes involving longitudinal rather that trans-
verse ~with respect to the external magnetic field! compo-
nents of the local field at the63Cu site at zero frequency.8,19

Thus we believe that the reduction ofT2
21 reported in Fig.

7~b! starting well aboveTc should not be necessarily related
to the pseudogap opening. It is pointed out that effects of
anisotropy in the fluctuations of the Cu21 spin components
could arise as a consequence of deviations of the spin system
from the perfect Heisenberg model occurring on lowering
temperature. Crossover effects of the Cu21 spin dynamics
from Heisenberg to aXY-like correlation have been recently
reported in the planar Cu system Sr2CuO2Cl2 asT→TN5256
K.33 The presence of similar effects in the Cu planes of
high-Tc superconductors should not be ruled out. A more
detailed study of63CuT2 andT1 as a function of temperature

and crystal orientation are necessary before attempting a
quantitative analysis of theT2 data.

E. Symmetry of the pairing state

Here we analyze the199Hg Knight-shift and NSLR data
by comparing their temperature dependence belowTc with
theoretical predictions obtained for boths-wave andd-wave
gaps.34 In Fig. 11 we plot the normalized value of the spin
contribution to the Knight shift which should be a direct
measure of the normalized spin susceptibility, i.e.,
xs
sp(0,0)/xn

sp(0,0) where the subscriptss and n refer to the
superconducting and normal state, respectively. The decrease
of 199K(T) below Tc depends mainly on the size of the su-
perconducting gapD(T) and on the symmetry of the pairing
state. However, as has been shown recently by Sudbo” et al.35

the temperature dependence ofK are influenced by details of
the Fermi-liquid theory thus making the conclusions of the
analysis of the NMR data less straightforward.

In spite of the shortcomings we would like to point out
some features of our199Hg NMR data which seem to support
d-wave symmetry for the pairing state. Since no detailed
calculations are available for our Hg1201 system we utilize
the calculations performed for Y123 by Bulut and
Scalapino36 with a BCS value for the gap parameter
2D053.5kBTc chosen to agree with recent direct tunneling
measurements atT54.2 K.37 As shown in Fig. 11 the experi-
mental data are in much better agreement with the slower
decrease ofK(T) with decreasing temperature predicted for
a d-wave gap. However, the tunneling measurements in
polycrystalline Hg 1201~Ref. 37! yielded a range of gapsD
from;5 to 20 meV, the origin of the spread being unknown.
Thus it is conceivable that our Knight-shift data could also
be found to be consistent withab anisotropics-wave gap as
shown for the NMR data in Y123.35

The temperature dependence of the199Hg spin-lattice re-
laxation rateT1

21 shown in Fig. 12, is also consistent with the
d-wave pairing which predicts aT3 temperature dependence
of the NSLR belowTc .

38 As for the case of the Knight shift
discussed above, the conclusion forT1

21 is also somewhat
ambiguous due to the narrow temperature range in which the

FIG. 11. Plot of the normalized199Hg Knight shift in the super-
conducting state:K iso

sp(T)/K iso
sp(Tc) vs reducedT/Tc . The lines are

theoretical behaviors predicted fors-wave pairing~dashed line! and
d-wave pairing~solid line! with the same superconducting gap pa-
rameter 2D053.5kBTc ~Ref. 36!. TheK iso

sp(T) data are corrected for
the demagnetization effects.

FIG. 12. Log-log plot of199Hg T1
21 vsT in the superconducting

state for both orientations:~s! Hic and~d! H'c. Lines are fits for
T3 dependence~solid line! and linear-T dependence~dashed lines!.
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T3 dependence is observed. The deviation from theT3 de-
pendence forT,40 K andHic is due to an extra contribution
due to the vortex thermal motions not present forH'c.7 The
deviations from theT3 dependence forT,20 K andH'c
could be due to a nonzero residual density of states associ-
ated with lines of nodes in the gap function.39,40

VI. SUMMARY AND CONCLUSIONS

We have presented the199Hg and 63Cu NMR shift and
relaxation rate data for a superconducting Hg1201-oriented
powder sample. The analysis of both sets of data allows one
to reach some conclusions about the electronic properties in
the normal state:~i! From 63Cu T1

21 vs T we find evidence
for strong antiferromagnetic~AF! fluctuations in the CuO2
plane; on the other hand199Hg T1

21 vsT results do not show
evidence of AF fluctuations. If one assumes a single spin-
fluid generalized response function this result implies filter-
ing of the AF fluctuations at the Hg site as expected for 3D
correlation of the Cu21 moments. Deviations of199Hg
(T1T)

21 from a constant above room temperature could be
an indication of a crossover from 3D to 2D AF correlations,
an issue which is currently explored in Hg1201 and in other
Cu-based HTSC.~ii ! There is evidence for the opening of a
spin pseudogap both atq50 andq5qAF which bears more
resemblance with the results in underdoped HTSC than in
the optimally doped ones.

We find that the199Hg NMR is a good probe of the Fermi-
liquid behavior. Both the temperature dependence of the
199Hg Knight shift and the NSLR belowTc are consistent
with a superconducting state characterized byd-wave pairing

with a gap parameter close to the BCS value, i.e.,
2D053.5kBTc .

As a result of the199Hg spin-spin relaxation analysis we
find the unexpected result that the Gaussian component of
the spin-echo decay, yieldingTG

21, is dominated by a nuclear
indirect interaction via the charge carriers. ThusTG

21 can be
used to measure directly the uniform spin susceptibility
x8~0,0! of the Fermi liquid. Considering that all Hg-based
compounds, HgBa2Can21CunO2n121d, have only one Hg
site and that the critical temperatureTc is very sensitive to
the number of the CuO2 layers and to the oxygen contentd,
the fact that199Hg is a good probe to study the Fermi-liquid
behavior encourages one to extend the199Hg NMR study
systematically in Hg-based HTSC with a different number of
CuO2 layers and oxygen contentd.14
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