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83Cu and'®*Hg nuclear magnetic resonance was performed on a series of powderGigBa; samples
with different oxygen contend in order to study the influence of oxygen doping on the spin dynamics in the
normal and superconducting state. The spin-lattice relaxationTinoé 1°Hg and®3Cu 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 sampl& (=96 K) we compared our experimental results to numerical calculations of
the spin-lattice relaxation rate as a function of temperature b&lofer several types of the order parameter
symmetry: isotropics wave, anisotropics wave without nodess wave with nodes, and wave, using the
different values of the gap parameteA/XzT. within the AF fluctuation model. The comparison with our
experimental relaxation data shows that ¥Hg nuclei in the orientatiomB,li(a,b) plane as well as fof*Cu
nuclei in both orientationll(a,b) plane andBlic axis, the experimental results are in coincidence with the
dy2_,2-wave symmetry with the gap parametek/KgT,=7.02.[S0163-1829(99)09801-X]

[. INTRODUCTION the Bi- and Tl-based superconductors the lattice-structures of
Hg cuprates are practically free from distortions, such as
Spin dynamics in high-temperature superconductors haisicommensurate modulations, statical displacements, cation
attracted much attention in recent yeésse Refs. 1-3, for substitutions, and superstructures. Because of these features
instance)since analyzing the relaxation characteristics carthe Hg-based superconductors, particularly the first member
possibly shed light on the nature of the symmetry of theof the family HgBaCuO,, s which has the simplest crystal
superconducting order parameter and the value and anisattructure containing only one type of Cyf@yer, are attrac-
ropy of the energy gap. The reliable determination of theseive objects for the fundamental study of the highsuper-
parameters is of considerable importance in understandingonductivity phenomenon. In spite of the intensive study,

high-temperature superconductivity. however, the fundamental understanding concerning the
For thed,2_,2 pairing state the gap functia(k, T) may  mechanism of superconductivity is still the subject of con-
be presented in the form troversial discussions. Reliable energy gap values and its

symmetry have not yet been obtaifiédnd the question of
1 s- or dwave pairing has not been convincingly answefred.
Ak, T)= EA(T)(COSKX_ cosky), 1) NMR is a sensitive method for the study of low-frequency
spin dynamics in both the normal and the superconducting
wherek, andk, are thex andy components of the wave state in HgBaCuQ,, s and other high-T superconductors,
vectork, respectively. Ink space Eq(1l) describes a four- especially through the studies of the Knight shift and spin-
fold rotation symmetry pattern with two pairs of lobes which lattice relaxationt™>® In this paper we present’Cu and
have an opposite sign. This sign change distinguishés a **Hg NMR performed on a series of powder HgBaO,
state from an anisotropigstate[see Eqs(8) and(9) in Sec.  samples with different oxygen conteéit
[11 C] where the gap function remains positive. Observations
of a half-integer flux quantum by Kirtlegt al* as well as the
guantum interference experiments on Y8850, _; crystals
by Harlinge? are strong experimental evidence for the For the NMR measurements we used the same series of
d-wave superconducting pairing state, which require a nonHgBa,CuQ,, s powder samples with different content which
phonon mechanism of superconductivity. has been earlier studied by nuclear quadrupole resonance
The family of mercury cuprate superconductors(NQR)?® The details of the synthesis are described in Ref. 10.
HgB&Ca, 1Cu,0,,,,. s has attracted attention due to ex- After the initial preparation step the samples were annealed
traordinary high transition temperaturés, which achieves in order to change the doping level. The following samples
135 K for then=3 compoundHg-1223). In comparison to were used.

1. PREPARATION AND EXPERIMENTAL DETAILS
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FIG. 1. **Hg powder NMR spectrum of the sample No. 3 measurebi=®0 K. The singularities of the spectrum corresponding to the

different magnetic field orientations are shown by the arrows.

No. 1: annealed in vacuum at 345 °6+=0.015(5), T,

=39(2) K.

No. 2: annealed in vacuum at 300 °G=0.02(1), T,
=70(2) K.

No. 3: annealed in Ar at 350°C$=0.02(1), T,
=72(2) K.

No. 4: as prepared)=0.06(1), T.,=95(2) K.

No. 5: annealed in oxygen flow,6=0.08(1), T,
=96(2) K.

No. 6: annealed in © at 250°C (100 bar), &
=0.09(1), T,=89(2) K.

symmetric anisotropic shift tensaichemical and Knight
shift) in the first order of perturbation theory. This line shape
corresponds to the linear “dumbbell” coordination of Hg
and O atoms along the axis. Almost no influence of the
oxygen conten® on the!®**Hg spectral shape and width has
been found in the temperature range of 4—300 K which can
be attributed to a relatively small change of the local struc-
tural arrangement of the Mg cations with oxygen doping.
As has been mentioned earlier by Sethal* and Horvatic

et al.!® the resolution of NMR measurements on randomly
oriented powder samples is not high enough to registrate any

No. 7: prepared under high pressure according to the techreliable temperature dependence’®Hg Knight shift. The
nique described in Ref. 115=0.14(2), not superconducting. spin-lattice relaxation measurements were performed at the

All samples were single phase compounds as characteposition of the spectral maximum at tBgll(a,b) plane. The
ized by the x-ray powder diffraction technique. The extrarecovery of the magnetization in the measured temperature

oxygen contentS was determined by iodometric titratidf.

range 4.2—-300 K is monoexponential for all samples. In

The ac magnetization curves as well as the structural parantomparison to the spin-lattice relaxation $Cu the spin-

eters of the samples have been presented in REig92 and

Table 1).

lattice relaxation time of®*Hg is in one order of magnitude
longer. This difference can be attributed to the relatively

The GSCU. and'**Hg NMR spectra were measured using aweak hyperfine coupling of®Hg nuclei to the Cu@layers.
point-by-point Ha_lhn spin-echo technlque at a magnetic fle_ld The resulting temperature dependences of theT) !
of Bp=13.8 T using full 32-phase cycling sequence to avoidproduct for the samples 3—7 are shown in Fig. 2. The non-

echo distortions from the free induction decéyiD) and

superconducting overdoped sample No. 7 shows a Korringa

ringing. This sequence was repeated 10 times at each frgehavior with T;T) 1=0.13+0.02 s*K™. For the opti-
quency point. The spin-lattice relaxation rates were meamally doped sample No. 5 thel(T) ! product is also al-
sured using the saturation recovery method at the spectraghost constant abovE, with the value of 0.1 s*K ! which

positions corresponding to theByl (a,b) plane and

Boll(a,b) plane in the temperature range of 4.2—300 K.

is in a good agreement with the results of Satal. for the
nonoriented and oriented Hg-1201 powder samples with the

To minimize the error in thd; determination due to the T, value of 95 K(Ref. 14)and 96 K(Ref. 16), respectively.
excitation of neighboring regions of the spectrum we used ®8y careful study of Fig. 2 one can detect that for the over-
relatively long#/2 pulse of 10us pulse length which corre- doped sample No. 6 theT(T) ! slightly decreases with
sponds to an excitation bandwidth of approximately 100temperature in the vicinity of 0.1¢K™? above T, while
kHz. The shift values of®Cu were calculated in respect to the underdoped samples No. 3 and No. 4 show slight mono-

the resonance frequency of the bare coré3@fu with the
gyromagnetic ratid3y=11.2845 MHz/T*
Ill. RESULTS AND DISCUSSION
A. The °*Hg spectra and spin-lattice relaxation

The typical ***Hg spectrum of HgBgCuQ,, s shown in

tonic increase near the same value. Such deviation from the
Korringa behavior abové . in the overdoped regime shows
that (T, T) ! for 1°Hg is affected by antiferromagneti&F)

spin fluctuations which are peaked at the AF wave vector
Qae=(m/a,w/a). In the case of long correlated 3D AF in-
teractions involving neighboring CyQayers this contribu-
tion should be completely vanished at the Hg site due to

Fig. 1 exhibits the powder-pattern line shape which correform factor °F(Qar) =0 determined by the symmetry of

sponds to anl=3

nuclei in the presence of an axial- linear coordination Cu-O-Hg-O-Cu along tleaxis!’ Our
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_ FIG. 2. Tempera}ure dependences!®Hg spin-lattice relax- FIG. 3. 53Cu powder NMR spectra for the samples No(Up-
ation product T,T) "~ for the HgBaCuG,, ; samples Nos. 3=7.  hep No. 5(middle), and No. 6(down) measured at room tempera-
The corresponding; values are shown by the arrows. ture. Only the central transitions 33 are presented. The left sin-

o . gularity corresponds to the anghg=60.15° between the magnetic
result shows that this filtering is not perfect and there is &jeld B, and thec axis (Ref. 20. The spectra simulation has been
fluctuating transferred hyperfine field at Hg sites. A similarperformed for the case of statistical distribution of powder crystal-
effect has been found earlier by Horvagtal. for YO in lite orientation to theB, (solid line) as well as forBylic orientation
overdoped YBas,Sh odCUs0; (Ref. 18 and Julieret al. for  (dashed ling
19%g in overdoped HgB&aCuOs. 5° Below T, the tem-
perature dependence of the relaxation rate for the sampl 63 i
3-6 shows deviations from BCS-like behavior which wil beﬁiﬁ?gi’nen\@ﬁ: ot were fed 10 the X

discussed in Sec. Il C. mental spectra. From this procedure the principle values of
. _ _ o the total shift tensoK,, ,,=K, andK,,=K, in the depen-
B. **Cu spectra and spin-lattice relaxation in HgBgCuOy,, 5 dence on temperature were determined. The results are pre-

The typical room temperatuf8Cu spectrd— <1 central ~ sented in Fig. 4. Using the observed value&pandK, one
transition of HgBaCuO,, ; with different oxygen content Can determine the isotropKis, and anisotropik . parts of
are presented in Fig. 3. The powder line shape of the specttie total shift:
is the superposition of the anisotropic chemical and Knight
shift broadened by the quadrupole interaction in the second
order of perturbation theoR?. The influence of the quadru-
pole interaction on the spectral width and shape is rather
strong. Our previous NQR study performed on the same se- K= 1/3(K,—K ). )
ries of HgBaCuQ,, s samples has shown that the copper
quadrupole frequenc;‘??’vQ significantly and monotonically
increases with increasing oxygen contétitThe line shape The observed shifk(T) in general, consists of the orbital,
is also essentially affected by the orientation effect whichspin, and diamagnetic terms:
partially aligns the crystallites in the directidBglic at T
>T,. and theBli(a,b) plane atT<T,.?! The powder spec-
tra were simulated by numerical integration of the single
crystal resonance frequency valueq,,.1,» [EQ. (10) from
Ref. 20 over the spherical surface with 844 points using where the temperature-independent orbital shift includes the
the asymmetry parametej=0 and the copper quadrupole Van Vleck termK,, and the chemical shif®

Kiso=1/3(K;+2K ),

K(T) =Kot Kepirl T) + Kgia( T), ()
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FIG. 4. ®Cu Knight shift of the different HgB#&uQ,, s samples in dependence on temperature.

Korn=Kyp+ 6, In contrast to thé®*Hg T, measurements the obsen®&gu
recovery curve for the-3<31 central transition is not mo-
(T,B) noexponential because of the influence of the satellite tran-
(4)  sitions —3<=—1 and i<=32 which are not saturated by the
applied saturation pulse sequence. Taking into account this

influence we used a biexponential function accordirf§ to

M
Kdia(T):47T(1_N)T'
HereM(T,B) is the magnetization of the sample in the mag-
netic field B, N is the demagnetization factor. In 5 3
HgBa,CuQy, s the diamagnetic term arises only beldw [(t)=1.1— —e &M _g~12/Ty (5)
and is considered to be of an order of 0.0(Ref. 16 which S 5
'FS Lathgr srr;laIIYcomdpareddtg%the two q;h?ir(terms(;? a_)'i_ which gives a very good fit to the experimental recovery

oflowing the Yosida modet we conside spin > 10 curves(Fig. 5. The extractedrl'; values in dependence on

— 0 and extract the components of the total shift for d'fferenttemperature for the samples No. 3 and No. 6 are presented in
samples of HgBZCuQ,, staken at 200 and 20 K. The results Fig. 6. The underdoped samplé No. 3 sHows a gradual in-
are listed in Table I. As follows from Table I, there is a creésé of the T,T) " * product with témperature above,
strong dependence of the copper shift components on tr\ﬁhile the overdloped sample No. @4=89 K) exhibits a
oxygen doping level. The isotropic part of the spin term broad maximum at around 90—i00 K and then decreases
Kpin» Which is proportional to the spin susceptibility exhib- increasing temperature. Such a doping dependence of
its a significant and monotonic increase with increaséhg the copper spin-lattice relaxation behavior due to the
from the underdoped sample No. 3 to the overdoped samplg, e ratyre-dependent AF spin fluctuation abdyes the

- 'So -
No. 6. The ratio of th& &, values for these three samples is ¢paracteristic feature of the layered cuprate superconductors
1:3.4:4.3 which is in a good coincidence with the ratio (see, for instance Refs. 8, 17, and.23

1:4:4.5 of the oxygen contert and the hole number&in
these samples.

As in other high-temperature superconductigSC's)
(Y, TI HTSC’s)}"*?®the main mechanism of the spin-lattice ~ The temperature dependences of the spin-lattice relax-
relaxation in HgBaCuQ,, s is the magnetic relaxation ation rate have been numerically calculated using the effec-
caused by the electron spin fluctuations in the Cu-O layerdive random phase approximatiéRPA) developed in Refs.

C. Comparison with the theoretical model

TABLE I. Components of the total shift for th€Cu (—3<3) central transition for HgBZUOQ,., s
samples with different oxygen conteéfitat T=200 K andT=20 K.

Oxygen _
content Kxxyy (%) K, (%) Kxxyy (%) Kz, (%) Kspin (%)
Sample ) +0.05 +0.05 +0.05 +0.05 +0.08
No. +0.01 T=200 K T=200 K T=20K T=20 K T=200 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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FIG. 5. 53Cu magnetization recovery curve for the sample No. 5
measured af=10 K. The solid line is the best fit of the experimen-
tal data by a double exponential functifigg. (5)].

25-30 as quantitative theoretical model for the dynamica 1
spin susceptibility. In the normal as well as in the supercon: T =72K
ducting state it has been shown that a RPA form for the 3 v sample no.3
electronic spin susceptibility(w) can be adjusted to give a ] —®— B, li(ab)
reasonable quantitative fit to the NMR d&ta® The details  — —
of calculations will be published elsewhere. 0 50 100 150 200

The superconducting gap functidi=A(T)* ¢, consists
of a temperature-dependent amplitud&(T) and a
T-independent momentum dependence characterized by the FIG. 6. %Cu spin-lattice relaxation producfr(T) ! for the
normalized functionp, . Following Ref. 29, the temperature HgBaCuQ,, s samples No. 3 and No. 6 in dependence on tempera-
dependence of the amplitude is described by the analytiture. The corresponding, values are shown by the arrows. The
expression solid lines are just guides for the eye.

Temperature (K)

A(T)=A(0)tanH ayT./T—1), (6) for the d-wave state which is believed to be the relevant
symmetry of a spin-fluctuation induced pairing state. Note,

wherea characterizes the sharpness of the drop ok 7).  the common feature of all the momentum-dependent gap
Since the actual value af is only of minor significance for functions is that, in agreement with the angle-resolved pho-
the final results on the spin susceptibility, the valre2.2 of  toemission experimenté the gap maximum is located near
Ref. 29 has been used. The remaining open parameter for thiee (,0) point of the Brillouin zone.
characterization of the gap amplitude is the zero temperature
gapA, or alternatively the ratio 2,/kgT.. Finally, for the

characterization of thie dependence of the gap function the J oo SOt save Wil s
C : 4 ! : o ast, o
following different scenarios have been investigated: | 72M‘ZT¢=7‘°2’ dwave
o - 2A/kBTC=7.02, anisotropic s-wave with nodes ’ /‘
i,iSOZ l (7) V-D 084 2A/kETC=7.02, isotropic s-wave T ,,/
o B experiment ST
for the isotropics wave, £ 8
1 5 A
sl,ext__ 4 o
b =5 + %(coskx— cosk,) (8) 3
0,24
as extended wave with minimum gap\ ,;,=1/6A(T), 00
T T T T T T
1 0,0 0,2 0,4 0.6 0,8 1,0
p2eX= > (cosk,—cosk,) 2 9) T,
as extended wave with nodes and finally FIG. 7. Normalized®®Cu spin-lattice relaxation rate in the ori-

entationByli(a,b) plane for the sample No. 5 in dependence on
temperature belowl,. The numerical calculations for different

1 - .
d_— _ symmetries of the order parameter and differedt ;T values
= k k 1 ¢
i 2(COS X COSKy) (10 are presented.
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FIG. 8. Normalized®®*Cu spin-lattice relaxation rate in the orientatiBglic axis for the sample No. 5 in dependence on temperature
below T.. The numerical calculations for different symmetries of the order parameter and difféY&kgT2. values are presented.

The calculations have been performed ¥Hg and®Cu  No. 7 and for the optimal doped sample No. 5 exhibits a
nuclei belowT, for the optimally doped sample No. 5. The Korringa behavior with {°°T;T)"1=0.13 and 0.1 s'K 1,
resulting curves were compared with the experimentally obrespectively. For the overdoped sample No. 6 thgT() *
tained temperature dependences of f#felg and®*Cu spin-  slightly decreases with temperature in the vicinity of 0.1
lattice relaxation rate normalized to the corresponding valug-1K ~! aboveT, while the underdoped samples No. 3 and
atT=T, and are presented in Figs. 7-9. As it follows from No. 4 show slight monotonic increase near the same value.
Figs. 7-9 for'®Hg nuclei in the orientatiomli(a,b) plane  This result shows that at Hg sites the filtering of AF spin
as well as fo®Cu nuclei in both orientations the experimen- fluctuations peaked &= (7/a,/a) is not perfect and
tal results are best described by itig ,.-wave symmetry  ihere is a fluctuating transferred hyperfine field at mercury
assuming the gap paramete/XgT.=7.02. sites.

The temperature behavior of tiféCu spin-lattice relax-
ation rate aboveT. in dependence on the doping level is

We have measured the NMR spectra and spin-lattice relyPical for copper oxide HTSC's: the underdoped s_almple
laxation rate of®*Cu and'®Hg nuclei in the temperature NO. 3 shows the gradual increase of the producfT)
range of 4.2—300 K for the series of HgaO,, s samples ~ With tgmperature abov@9 while the overdoped sample No.
with different oxygen content. Th&*Hg spin-lattice relax- 6 exhibits a broad maximum at arouffé=100 K. For the
ation for the strongly overdoped nonsuperconducting sampleptimally doped HgBzCuO,, s compound the temperature

IV. SUMMARY

1,2
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FIG. 9. Normalized'®Hg spin-lattice relaxation rate in the orientatiBgl(a,b) plane for the sample No. 5 in dependence on tempera-

ture belowT.. The numerical calculations for different symmetries of the order parameter and difféx&kyT2. values are presented.
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dependences of the spin-lattice relaxation rates belgw d,2_,2>-wave symmetry with the gap parameteA/XgT,
have been numerically calculated for different types of the=7.02.
order parameter symmetry: isotropicwave, anisotropics
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