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Low-frequency spin dynamics as probed by63Cu and 199Hg NMR in HgBa2CuO41d

superconductors with different oxygen content
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63Cu and199Hg nuclear magnetic resonance was performed on a series of powder HgBa2CuO41d samples
with different oxygen contentd in order to study the influence of oxygen doping on the spin dynamics in the
normal and superconducting state. The spin-lattice relaxation timeT1 of 199Hg and63Cu nuclei were measured
over a wide range of temperature at different orientations of the crystallites with respect to the magnetic field.
For the optimally doped sample (Tc596 K! we compared our experimental results to numerical calculations of
the spin-lattice relaxation rate as a function of temperature belowTc for several types of the order parameter
symmetry: isotropics wave, anisotropics wave without nodes,s wave with nodes, andd wave, using the
different values of the gap parameter 2D/kBTc within the AF fluctuation model. The comparison with our
experimental relaxation data shows that for199Hg nuclei in the orientationB0i(a,b) plane as well as for63Cu
nuclei in both orientations,B0i(a,b) plane andB0ic axis, the experimental results are in coincidence with the
dx22y2-wave symmetry with the gap parameter 2D/kBTc57.02. @S0163-1829~99!09801-X#
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I. INTRODUCTION

Spin dynamics in high-temperature superconductors
attracted much attention in recent years~see Refs. 1–3, for
instance!since analyzing the relaxation characteristics c
possibly shed light on the nature of the symmetry of
superconducting order parameter and the value and an
ropy of the energy gap. The reliable determination of th
parameters is of considerable importance in understan
high-temperature superconductivity.

For thedx22y2 pairing state the gap functionD(k,T) may
be presented in the form1

D~k,T!5
1

2
D~T!~coskx2cosky!, ~1!

where kx and ky are thex and y components of the wave
vector k, respectively. Ink space Eq.~1! describes a four-
fold rotation symmetry pattern with two pairs of lobes whi
have an opposite sign. This sign change distinguishesd
state from an anisotropics state@see Eqs.~8! and~9! in Sec.
III C# where the gap function remains positive. Observatio
of a half-integer flux quantum by Kirtleyet al.4 as well as the
quantum interference experiments on YBa2Cu3O72d crystals
by Harlingen5 are strong experimental evidence for t
d-wave superconducting pairing state, which require a n
phonon mechanism of superconductivity.

The family of mercury cuprate superconducto
HgBa2Can21CunO2n121d has attracted attention due to e
traordinary high transition temperaturesTc , which achieves
135 K for then53 compound~Hg-1223!. In comparison to
PRB 590163-1829/99/59~1!/654~7!/$15.00
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the Bi- and Tl-based superconductors the lattice-structure
Hg cuprates are practically free from distortions, such
incommensurate modulations, statical displacements, ca
substitutions, and superstructures. Because of these fea
the Hg-based superconductors, particularly the first mem
of the family HgBa2CuO41d which has the simplest crysta
structure containing only one type of CuO2 layer, are attrac-
tive objects for the fundamental study of the high-Tc super-
conductivity phenomenon. In spite of the intensive stu
however, the fundamental understanding concerning
mechanism of superconductivity is still the subject of co
troversial discussions. Reliable energy gap values and
symmetry have not yet been obtained6,7 and the question of
s- or d-wave pairing has not been convincingly answered2

NMR is a sensitive method for the study of low-frequen
spin dynamics in both the normal and the superconduc
state in HgBa2CuO41d and other high-Tc superconductors
especially through the studies of the Knight shift and sp
lattice relaxation.1–3,8 In this paper we present63Cu and
199Hg NMR performed on a series of powder HgBa2CuO41d
samples with different oxygen contentd.

II. PREPARATION AND EXPERIMENTAL DETAILS

For the NMR measurements we used the same serie
HgBa2CuO41d powder samples with different content whic
has been earlier studied by nuclear quadrupole reson
~NQR!.9 The details of the synthesis are described in Ref.
After the initial preparation step the samples were annea
in order to change the doping level. The following samp
were used.
654 ©1999 The American Physical Society
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FIG. 1. 199Hg powder NMR spectrum of the sample No. 3 measured atT590 K. The singularities of the spectrum corresponding to
different magnetic field orientations are shown by the arrows.
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No. 1: annealed in vacuum at 345 °C,d50.015(5), Tc
539(2) K.

No. 2: annealed in vacuum at 300 °C,d50.02(1), Tc
570(2) K.

No. 3: annealed in Ar at 350 °C,d50.02(1), Tc
572(2) K.

No. 4: as prepared,d50.06(1), Tc595(2) K.
No. 5: annealed in oxygen flow,d50.08(1), Tc

596(2) K.
No. 6: annealed in O2 at 250 °C ~100 bar!, d

50.09(1), Tc589(2) K.
No. 7: prepared under high pressure according to the te

nique described in Ref. 11,d50.14~2!, not superconducting
All samples were single phase compounds as chara

ized by the x-ray powder diffraction technique. The ex
oxygen contentd was determined by iodometric titration.12

The ac magnetization curves as well as the structural par
eters of the samples have been presented in Ref. 9~Fig. 2 and
Table 1!.

The 63Cu and199Hg NMR spectra were measured using
point-by-point Hahn spin-echo technique at a magnetic fi
of B0513.8 T using full 32-phase cycling sequence to av
echo distortions from the free induction decay~FID! and
ringing. This sequence was repeated 10 times at each
quency point. The spin-lattice relaxation rates were m
sured using the saturation recovery method at the spe
positions corresponding to theB0'(a,b) plane and
B0i(a,b) plane in the temperature range of 4.2–300 K.

To minimize the error in theT1 determination due to the
excitation of neighboring regions of the spectrum we use
relatively longp/2 pulse of 10ms pulse length which corre
sponds to an excitation bandwidth of approximately 1
kHz. The shift values of63Cu were calculated in respect t
the resonance frequency of the bare core of63Cu with the
gyromagnetic ratio63g511.2845 MHz/T.13

III. RESULTS AND DISCUSSION

A. The 199Hg spectra and spin-lattice relaxation

The typical 199Hg spectrum of HgBa2CuO41d shown in
Fig. 1 exhibits the powder-pattern line shape which cor
sponds to anI5 1

2 nuclei in the presence of an axia
h-

r-

m-

d
d

re-
-

ral

a

0

-

symmetric anisotropic shift tensor~chemical and Knight
shift! in the first order of perturbation theory. This line sha
corresponds to the linear ‘‘dumbbell’’ coordination of H
and O atoms along thec axis. Almost no influence of the
oxygen contentd on the199Hg spectral shape and width ha
been found in the temperature range of 4–300 K which
be attributed to a relatively small change of the local str
tural arrangement of the Hg21 cations with oxygen doping
As has been mentioned earlier by Suhet al.14 and Horvatic´
et al.,15 the resolution of NMR measurements on random
oriented powder samples is not high enough to registrate
reliable temperature dependence of199Hg Knight shift. The
spin-lattice relaxation measurements were performed at
position of the spectral maximum at theB0i(a,b) plane. The
recovery of the magnetization in the measured tempera
range 4.2–300 K is monoexponential for all samples.
comparison to the spin-lattice relaxation of63Cu the spin-
lattice relaxation time of199Hg is in one order of magnitude
longer. This difference can be attributed to the relative
weak hyperfine coupling of199Hg nuclei to the CuO2 layers.

The resulting temperature dependences of the (T1T)21

product for the samples 3–7 are shown in Fig. 2. The n
superconducting overdoped sample No. 7 shows a Korri
behavior with (T1T)2150.1360.02 s21 K21. For the opti-
mally doped sample No. 5 the (T1T)21 product is also al-
most constant aboveTc with the value of 0.1 s21 K21 which
is in a good agreement with the results of Suhet al. for the
nonoriented and oriented Hg-1201 powder samples with
Tc value of 95 K~Ref. 14!and 96 K~Ref. 16!, respectively.
By careful study of Fig. 2 one can detect that for the ov
doped sample No. 6 the (T1T)21 slightly decreases with
temperature in the vicinity of 0.1 s21 K21 aboveTc while
the underdoped samples No. 3 and No. 4 show slight mo
tonic increase near the same value. Such deviation from
Korringa behavior aboveTc in the overdoped regime show
that (T1T)21 for 199Hg is affected by antiferromagnetic~AF!
spin fluctuations which are peaked at the AF wave vec
QAF5(p/a,p/a). In the case of long correlated 3D AF in
teractions involving neighboring CuO2 layers this contribu-
tion should be completely vanished at the Hg site due
form factor 199F~QAF)50 determined by the symmetry o
linear coordination Cu-O-Hg-O-Cu along thec axis.17 Our
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656 PRB 59A. A. GIPPIUSet al.
result shows that this filtering is not perfect and there i
fluctuating transferred hyperfine field at Hg sites. A simi
effect has been found earlier by Horvatic´ et al. for 17O in
overdoped YBa1.52Sr0.08Cu3O7 ~Ref. 18! and Julienet al. for
199Hg in overdoped HgBa2CaCu2O61d.

19 Below Tc the tem-
perature dependence of the relaxation rate for the sam
3–6 shows deviations from BCS-like behavior which will b
discussed in Sec. III C.

B. 63Cu spectra and spin-lattice relaxation in HgBa2CuO41d

The typical room temperature63Cu spectra~21
2⇔1

2 central
transition! of HgBa2CuO41d with different oxygen conten
are presented in Fig. 3. The powder line shape of the spe
is the superposition of the anisotropic chemical and Kni
shift broadened by the quadrupole interaction in the sec
order of perturbation theory.20 The influence of the quadru
pole interaction on the spectral width and shape is ra
strong. Our previous NQR study performed on the same
ries of HgBa2CuO41d samples has shown that the copp
quadrupole frequency63nQ significantly and monotonically
increases with increasing oxygen contentd.9 The line shape
is also essentially affected by the orientation effect wh
partially aligns the crystallites in the directionB0ic at T
.Tc and theB0i(a,b) plane atT,Tc .21 The powder spec-
tra were simulated by numerical integration of the sin
crystal resonance frequency valuen21/2⇔1/2 @Eq. ~10! from
Ref. 20# over the spherical surface with 64364 points using
the asymmetry parameterh50 and the copper quadrupo

FIG. 2. Temperature dependences of199Hg spin-lattice relax-
ation product (T1T)21 for the HgBa2CuO41d samples Nos. 3–7
The correspondingTc values are shown by the arrows.
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frequency values 63nQ obtained from the NQR
measurements.9 The calculations were fitted to the exper
mental spectra. From this procedure the principle values
the total shift tensorKxx,yy5K' andKzz5K i in the depen-
dence on temperature were determined. The results are
sented in Fig. 4. Using the observed values ofK i andK' one
can determine the isotropicK iso and anisotropicKax parts of
the total shift:

K iso51/3~K i12K'!,

Kax51/3~K i2K'!. ~2!

The observed shiftK(T) in general, consists of the orbita
spin, and diamagnetic terms:

K~T!5Korb1Kspin~T!1Kdia~T!, ~3!

where the temperature-independent orbital shift includes
Van Vleck termKvv and the chemical shiftd

FIG. 3. 63Cu powder NMR spectra for the samples No. 3~up-
per!, No. 5 ~middle!, and No. 6~down! measured at room tempera
ture. Only the central transitions2 1

2⇔1
2 are presented. The left sin

gularity corresponds to the angleu0560.15° between the magneti
field B0 and thec axis ~Ref. 20!. The spectra simulation has bee
performed for the case of statistical distribution of powder crys
lite orientation to theB0 ~solid line! as well as forB0ic orientation
~dashed line!.
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FIG. 4. 63Cu Knight shift of the different HgBa2CuO41d samples in dependence on temperature.
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Korb5Kvv1d,

Kdia~T!54p~12N!
M ~T,B!

B
. ~4!

HereM (T,B) is the magnetization of the sample in the ma
netic field B, N is the demagnetization factor. I
HgBa2CuO41d the diamagnetic term arises only belowTc
and is considered to be of an order of 0.01%~Ref. 16! which
is rather small compared to the two other terms in Eq.~3!.
Following the Yosida model22 we considerKspin→0 for T
→0 and extract the components of the total shift for differe
samples of HgBa2CuO41d taken at 200 and 20 K. The resul
are listed in Table I. As follows from Table I, there is
strong dependence of the copper shift components on
oxygen doping leveld. The isotropic part of the spin term
Kspin

iso , which is proportional to the spin susceptibility exhi
its a significant and monotonic increase with increasingd
from the underdoped sample No. 3 to the overdoped sam
No. 6. The ratio of theKspin

iso values for these three samples
1:3.4:4.3 which is in a good coincidence with the ra
1:4:4.5 of the oxygen contentd and the hole number 2d in
these samples.

As in other high-temperature superconductors~HTSC’s!
~Y, Tl HTSC’s!17,23 the main mechanism of the spin-lattic
relaxation in HgBa2CuO41d is the magnetic relaxation
caused by the electron spin fluctuations in the Cu-O lay
-

t

he

le

s.

In contrast to the199Hg T1 measurements the observed63Cu
recovery curve for the2 1

2⇔1
2 central transition is not mo-

noexponential because of the influence of the satellite tr
sitions 2 3

2⇔21
2 and 1

2⇔3
2 which are not saturated by th

applied saturation pulse sequence. Taking into account
influence we used a biexponential function according to24

I ~ t !5I `S 12
2

5
e22t/T12

3

5
e212t/T1D ~5!

which gives a very good fit to the experimental recove
curves~Fig. 5!. The extractedT1 values in dependence o
temperature for the samples No. 3 and No. 6 are presente
Fig. 6. The underdoped sample No. 3 shows a gradual
crease of the (T1T)21 product with temperature aboveTc
while the overdoped sample No. 6 (Tc589 K! exhibits a
broad maximum at around 90–100 K and then decrea
with increasing temperature. Such a doping dependenc
the copper spin-lattice relaxation behavior due to
temperature-dependent AF spin fluctuation aboveTc is the
characteristic feature of the layered cuprate superconduc
~see, for instance Refs. 8, 17, and 23!.

C. Comparison with the theoretical model

The temperature dependences of the spin-lattice re
ation rate have been numerically calculated using the ef
tive random phase approximation~RPA! developed in Refs.
TABLE I. Components of the total shift for the63Cu ~2 1
2⇔1

2! central transition for HgBa2CuO41d

samples with different oxygen contentd at T5200 K andT520 K.

Sample
No.

Oxygen
content

d
60.01

Kxx,yy ~%!
60.05

T5200 K

Kzz ~%!
60.05

T5200 K

Kxx,yy ~%!
60.05

T520 K

Kzz ~%!
60.05

T520 K

Kspin
iso ~%!
60.08

T5200 K

3 0.02 0.39 1.35 0.25 1.33 0.10
5 0.08 0.56 1.60 0.20 1.30 0.34
6 0.09 0.53 1.39 0.10 0.95 0.43
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25–30 as quantitative theoretical model for the dynam
spin susceptibility. In the normal as well as in the superc
ducting state it has been shown that a RPA form for
electronic spin susceptibilityx~v! can be adjusted to give
reasonable quantitative fit to the NMR data.26–31 The details
of calculations will be published elsewhere.

The superconducting gap functionDk5D(T)* fk consists
of a temperature-dependent amplitudeD(T) and a
T-independent momentum dependence characterized by
normalized functionfk . Following Ref. 29, the temperatur
dependence of the amplitude is described by the ana
expression

D~T!5D~0!tanh~aATc /T21!, ~6!

wherea characterizes the sharpness of the drop off ofD(T).
Since the actual value ofa is only of minor significance for
the final results on the spin susceptibility, the valuea52.2 of
Ref. 29 has been used. The remaining open parameter fo
characterization of the gap amplitude is the zero tempera
gapD0 or alternatively the ratio 2D0 /kBTc . Finally, for the
characterization of thek dependence of the gap function th
following different scenarios have been investigated:

fk
s, iso51 ~7!

for the isotropics wave,

fk
s1,ext5

1

6
1

5

96
~coskx2cosky!4 ~8!

as extendeds wave with minimum gapDmin51/6D(T),

fk
s2,ext5

1

2
~coskx2cosky!2 ~9!

as extendeds wave with nodes and finally

fk
d5

1

2
~coskx2cosky! ~10!

FIG. 5. 63Cu magnetization recovery curve for the sample No
measured atT510 K. The solid line is the best fit of the experime
tal data by a double exponential function@Eq. ~5!#.
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for the d-wave state which is believed to be the relevan
symmetry of a spin-fluctuation induced pairing state. Not
the common feature of all the momentum-dependent g
functions is that, in agreement with the angle-resolved ph
toemission experiments,32 the gap maximum is located near
the ~p,0! point of the Brillouin zone.

FIG. 6. 63Cu spin-lattice relaxation product (T1T)21 for the
HgBa2CuO41d samples No. 3 and No. 6 in dependence on temper
ture. The correspondingTc values are shown by the arrows. The
solid lines are just guides for the eye.

FIG. 7. Normalized63Cu spin-lattice relaxation rate in the ori-
entationB0i(a,b) plane for the sample No. 5 in dependence o
temperature belowTc . The numerical calculations for different
symmetries of the order parameter and different 2D/kBTc values
are presented.
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FIG. 8. Normalized63Cu spin-lattice relaxation rate in the orientationB0ic axis for the sample No. 5 in dependence on tempera
below Tc . The numerical calculations for different symmetries of the order parameter and different 2D/kBTc values are presented.
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The calculations have been performed for199Hg and63Cu
nuclei belowTc for the optimally doped sample No. 5. Th
resulting curves were compared with the experimentally
tained temperature dependences of the199Hg and63Cu spin-
lattice relaxation rate normalized to the corresponding va
at T5Tc and are presented in Figs. 7–9. As it follows fro
Figs. 7–9 for199Hg nuclei in the orientationB0i(a,b) plane
as well as for63Cu nuclei in both orientations the experime
tal results are best described by thedx22y2-wave symmetry
assuming the gap parameter 2D/kBTc57.02.

IV. SUMMARY

We have measured the NMR spectra and spin-lattice
laxation rate of63Cu and 199Hg nuclei in the temperature
range of 4.2–300 K for the series of HgBa2CuO41d samples
with different oxygen content. The199Hg spin-lattice relax-
ation for the strongly overdoped nonsuperconducting sam
-

e

e-

le

No. 7 and for the optimal doped sample No. 5 exhibits
Korringa behavior with (199T1T)2150.13 and 0.1 s21 K21,
respectively. For the overdoped sample No. 6 the (T1T)21

slightly decreases with temperature in the vicinity of 0
s21 K21 aboveTc while the underdoped samples No. 3 a
No. 4 show slight monotonic increase near the same va
This result shows that at Hg sites the filtering of AF sp
fluctuations peaked atQAF5(p/a,p/a) is not perfect and
there is a fluctuating transferred hyperfine field at merc
sites.

The temperature behavior of the63Cu spin-lattice relax-
ation rate aboveTc in dependence on the doping level
typical for copper oxide HTSC’s: the underdoped sam
No. 3 shows the gradual increase of the product (T1T)21

with temperature aboveTc while the overdoped sample No
6 exhibits a broad maximum at aroundT5100 K. For the
optimally doped HgBa2CuO41d compound the temperatur
ra-
FIG. 9. Normalized199Hg spin-lattice relaxation rate in the orientationB0i(a,b) plane for the sample No. 5 in dependence on tempe
ture belowTc . The numerical calculations for different symmetries of the order parameter and different 2D/kBTc values are presented.
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dependences of the spin-lattice relaxation rates belowTc

have been numerically calculated for different types of
order parameter symmetry: isotropics wave, anisotropics
wave without nodes,s wave with nodes, andd wave, using
different values of the gap parameter 2D/kBTc within the AF
fluctuation model. The comparison with our experimental
laxation data shows that for199Hg nuclei in the orientation
B0i(a,b) plane as well as for63Cu nuclei in both orienta-
tions the experimental results are best described by
u

g

Z

e

-

e

dx22y2-wave symmetry with the gap parameter 2D/kBTc
57.02.
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