PHYSICAL REVIEW B VOLUME 53, NUMBER 14 1 APRIL 1996-II

%3Cu NMR probe of superconducting properties in HgBa,Ca,Cu 304, 5:
A possible reason forT ;=133 K
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Superconducting properties in HgB2a,Cu30g. 5, With a transition temperature df.=133 K, have been
investigated by measurements of the nuclear spin-lattice relaxation®¥téT,). It has been found that the
T,T=const behavior, observed well beldly, arises from combined relaxation channels to vortex cores, as
well as from a residual density of statd309), N,., at the Fermi level associated with the gapless supercon-
ductivity. From the value off ;T=const in the latter channel, the DOS fraction normalized by its value at
T, N,eJNTC, has been deduced to be as smah-&s05. Based on the two-dimensional gapléssave model,
the T, reduction rateAT./T.q, is estimated to be as small as 0.02 fygs/Ng~0.05. It is pointed out that
these measures of the quality of HgBa,CusOg., s explain why T, reaches such a high value.

Among the mercury-based homologous series ofgested to be a cause to supprésslown to 120 K in T12223,
HgBa,Ca,_1Cu,,O5,42+5 (N=1,2,3,4 compounds, the less thanT =133 K in Hg1223.
n=3 member HgBaCa,Cu;04., s (Hg1223 has drawn par- In this paper, we focus on the relaxation behavior of
ticular interest because of its high superconducting transitior¥3Cu for both the squargfourfold) and the pyramidaffive-
temperatureT, = 133 K! Furthermore, it is remarkable that fold) layers in the superconducting state for Hg1223. This is
T. can be substantially enhanced +o 150 K through the because the superconducting characteristics in T12223 differ
application of pressuré® It is well known that a key factor between the fivefold and fourfold CuQayers, namely, the
in increasing the value of . is to increase the number of latter pointed to a larger fraction of the residual DOS below
CuO, layers from one to three. It is, however, not fully un- T, than the former.
derstood whyT. in Hg1223 is so much higher when com-  Preparation of the Hg1223 compound was described
pared with the Bi- and TI-based compounds that also contairlsewheré. The sample was confirmed to be almost single-
three CuQ layers. In previous papefs,in order to charac- phase by x-ray-diffraction experimerthe pellet was pul-
terize the magnetic properties in the normal state ofverized into grain sizes smaller than gon in diameter, and
Tl,Ba,Ca,Cu;0,q (TI2223 (Ref. 4 and Hgl223(Ref. 5  was magnetically aligned along the axis by use of the
with three CuQ layers, Zhenget al. and Magishiet al. re-  anisotropy of the normal-state susceptibility and fixed with
ported extensive NMR results involving the Knight shift, the Stycast 1266 epoxy with an external magnetic field of 11
K, the nuclear spin-lattice relaxation rate,Ti1/ and the T. The valueT. was confirmed to be 133 K, below which the
transverse relaxation rate,This, of ®Cu. It was found that diamagnetic signal appeared in ac susceptibility. Pheu
the product of the characteristic energy of the spin fluctuaNMR measurements were carried out in a temperature and
tions, I'y, and the staggered susceptibilityo, at mqgnetlc-fleld range of 1.4-300 K and 6—11 T, respectively,
Q=(wla,mla), Toxo, for both TI2223 and Hg1223 were using a convgnnonal phase-coherent home-made pulsed
markedly larger than that for YB&£usO,. The spin- SPectrometer with a supercondu603t|ng magietT at 4.2 K.
fluctuation-induced superconductivity mechanfsfmwhich Figures 1) and Xb) show the**Cu-NMR spectra aTl =
predicts a highefT, for largerT' g, becomes increasingly 140 K andf=125.1 MHz for the central transition;{&

promising with additional experimental suggestfotimt the —2) With th_ec axis paralle! and perpendicular to the extgrnal
order parameter is of thé-wave-pairing type withdz_ 2 magnetic fieldH, respectively. The spectra were obtained,

o . using a boxcar integrator, by sweeping the magnetic field. In
symmetry; it naturally follows that a cause for the higher _
T, in TI2223 and Hg1223 than that in YBEU,O, may be Fig. 1(_b) for clH,_there are two vv_eII resolved _pe_aks corre-
¢ 3~ sponding to two different Cu sites in the pyramid@efold)
due to an enhancement dfoxqo. Furthermore, from the

) ) ) and the squaré&ourfold) CuO, plane. In this condition, the
T,T=const behavior observed well beloly in TI2223, it shift, Av, is composed of the Knight shift, , and the
was shown that the superconductivity was in the gapless res'ecdnd c;rder quadrupole shift as expresse& Lby
gime where a finite density of statpOS) was induced at the

Fermi level by some imperfections. Since Tl atoms in TI2223

compounds are reported to be partially substituted into the Av/vaH. =K. +32/16(1+K H. )2
Ca layers sandwiched by pyramidal and square Cla@ers, PnHres= K, + 30/ 161K, ) (7Hred
such a partial disorder for the atomic arrangement was sug- X (1—cog6)(1—9cog6), (N)

0163-1829/96/53 4)/89064)/$10.00 53 R8906 © 1996 The American Physical Society



53 53Cu NMR PROBE OF SUPERCONDUCTING PROPERTIES .. . R8907

T fect, the spectrum broadens mainly due to an inhomogeneous
s @HIc distribution of v4, and hence, the linewidth for the fivefold
&8 T=140K site with a largervg (16.1 .MHz)_ is expected to be broader
©) <125 1MH than that for the fourfold site with a smalleg, (10.1 MH2).
’t @ z Furthermore, from a ratio of the integrated intensity of the
: well-resolved two peaks, i.e., of the sharp to broad NMR line
being about}, the higher and the lower field peak is hence
assigned to the fourfold and fivefold Cu sites, respectively,
because the number of Cu site for the forme} f that for
the latter. In contrast, the intensity argument which is used to
—— 2 assign the spectrum to each Cu site, is not applied to the
P i spectra in Fig. (@) for c|H. This is because the separation
3 ] between the two peaks for the spectra of the oriented powder
is not large enough to allow us to estimate an intensity ratio
- reliably and we cannot rule out a possible asymmetry of the
spectra associated with the presence of misoriented grains
whosec axis is not exactly directed to the magnetic field,
i.e., ##0. Forc||H, moreover, it was not possible to measure
| T, for both Cu sites separately at low temperatures because
Too 11 111 the spectrum for one Cu site overlaps with another upon
H (Tesla) lowering the temperature below 60 K, due to nearly the same
value of the Knight shift. Therefore, we are concerned with
FIG. 1. %%Cu-NMR spectra of HgBsCa,CusOg., with  theT; measurements farl H below T;. Thus, difficulties
T.=133 K atf = 125.1 MHz andT = 140 K. (a) and (b) corre- In distinguishing each spectrum fokH does not prevent the
spond to the spectra with tioeaxis parallel and perpendicular to the Separate investigation of the superconducting properties for
external magnetic field, respectively. From the ratio of the inte-the fourfold and fivefold sites in Hg1223.
grated intensity of well-resolved two peaks for the oriented powders For cLH, it is likely that the spectrum for each Cu site
for cLH, it is determined that the lower and the higher field peaksmay slightly overlap the peak fat=41.8°[dashed arrows in
originate from the fivefold and fourfold copper site, respectively. Fig. 1(a)] arising from the unoriented powder. However,
The solid and dash arrows indicate the positions of the peaks arisinginceT, for cL. H has been determined with a single compo-
from grains withé = 90° and 41.8° to the axis for the unoriented nent as described below, the contribution of the unoriented
powders. powder to the spectrum is considered to be negligible, if
there is any at all. Accordingly, we present thelependence
with #=7/2, whereH,is the field where the resonance is of %3(1/T,,) below T for HL c.
observed andyy is the nuclear gyromagnetic ratio, respec- 1/T; was measured by the saturation recovery method.
tively. From the above formula, confirmed experimentally asThe nuclear relaxation function, m(t), for the
displayed in the inset of Fig.(t), the nuclear quadrupole (1/2< —1/2) central transition is expressed as folloWs:
frequency,vq, is estimated to be- 10.2 and~ 16.1 MHz

Spin-echo Intensity

(@=7 NHres)/ 7 NHres (%)

for the fourfold and fivefold sites, respectively. In Figal m(t)=[M()—M(t)]/M()
for c||H, two peaks in the lower field region arise from the
oriented powder with the axis parallel to the field, while =0.9exyg —6t/T;) +0.1exg —t/Ty), 2

the broad spectrum with a single peak in the higher field

region is associated with the unoriented powder. This is bewhereM(t) is the nuclear magnetization at timeafter the
cause the spectrum for the unoriented powder is distributegaturation pulses.

with two peaks for each Cu site as denoted by arrows in Fig. Figures 2a) and 2b) displaym(t) for the square Cu site
1(a), where solid and dash arrows correspond to the peakglotted against at T = 40 and 10 K, respectively. The solid
arising from grains with9 = 90° and 41.8° to the axis for  line in Fig. Za) indicates a best fit with a single; compo-
the unoriented powder, respectively. As expected, the posihent of Eq.(2). On the other hand, shoit; components
tion of the single peak in the high field region in Figa)l become appreciable ii<30 K as seen in Fig.(®), associ-
coincides with the spectrum with the narrower linewidth in ated with the presence of vortex cores. A prominent finding
Fig. 1(b) for cL H. From the integrated intensity ratio of the is, however, that alll; components follow the ; T=const
spectra with the two peaks in the low field region to thelaw belav 7 K asproven from the results than(t) plotted
broad spectrum with the single peak in the high field regionagainst the timet) multiplied by the temperatur¢T, is on

a fraction of the oriented powder with tleaxis parallel to  a single curve as indicated in the inset of Figh)2 To dis-
the field is anticipated to be- 60% of the whole powder. play an overallT dependence of¥(1/T,,) below T, a long
For both the crystal directions, we note that the spectra in theomponent of®3(1/T,) below 30 K is tentatively extracted
lower field are broader than those in the higher field. Thefrom a fit of Eq.(2) to the data oim(t) smaller than 0.5 as
full-width at half-maximums are about 130 and~80 Oe indicated by the solid line in Fig.(B).

for the lower and higher field spectrum fef{H, whereas Figures 3a and 3b) show the T dependence of
they are~300 and~ 140 Oe forcL H, respectively. In Fig.  ®¥(1/T1,) (O) below T, for the fourfold and fivefold sites,
1(b) for cL H, affected by the second order quadrupole ef-respectively, under a magnetic field of 11 T. The magni-
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FIG. 2. Examples of3Cu-NMR relaxation curvesn(t), plot-
ted against at(a) T= 40 K and(b) 10 K, respectively. Solid lines
are the results fitted by the theoretical relaxation function of
m(t) =0.9exp6t/T,)+0.1expt-t/T,). The inset of(b) indicates
that m(t) plotted against the time multiplied by the temperature,
tT, is on a single curve, showing that &fiT; components follow
the T, T = const law below 7 K.
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tude of the uncertainty of the data is comparable to the size i
of the symbol. For both site3(1/T;,) reveals a similar 1
relaxation behavior as seen in most of the higheuprates, i :y
i.e., a power-law-like behavior without any coherence peak i
followed by T; T= const behavior well below .
The relaxation behavior in the superconducting mixed e T T R T,
state is affected by normal fluxoid cores. An array of fluxoids T (K
gives rise to two different relaxation processés:the ther-
mal fluctuation of fluxoids which generate the transverse FIG. 3. T dependence df¥(1/T,,) belowT, for the (a) fourfold
fluctuating field* and(b) the spin diffusion to vortex coré$.  and (b) fivefold site under the magnetic field perpendicular to the
In the former, 1T, should be suppressed with increasingc axis. O and @ indicate the values at 11 T and the extrapolated
field, whereas in the latter, Ti{ is enhanced with increasing Vvalue to the zero magnetic field, respectively. Insets indicate the
the number of fluxoids. The nuclear relaxation measurement@agnetic-field dependence 6f(1/T;, T) at several temperatures
in the superconducting mixed state were reported in yBCpelow 7 K.
(Refs. 13,14 and YBa,Cu,Og (Y124) (Ref. 15, thus far.
From the result that T/, is linearly enhanced by the mag-
netic field, the nuclear relaxation for these compounds wa:

shown to be dominated by the spin diffusion process to vormutual spin flips T, process between those nuclei close to
tex cores. By contrast(1/T,) for Bi,Sr,CaCu,0g the core to more distant nuclei, i.e., spin diffusion process. In

(Bi2212 (Ref. 16 and TI2223Y7 which followed the the highT cuprate, since the indirect nuclei spin-spin relax-
T,T=const law, did not reveal any appreciable field depen@tion rate 1T is much larger tEa_n Th and the supercon-
dence down to low temperatures. As a result, the relaxatiofUcting coherence leng#(~20 A) is quite shorter than the
behavior in these compounds was concluded to be dominatégPndon penetration depth,~6000-9000 A, which means

by the presence of residual DOS at the Fermi level. As disthat the magnetic field penetrates the sample uniformly, a
cussed extensively in the literaturds? the gapless super- rapid spin diffusion process dominates the nuclear relaxation

conductivity caused by some imperfections presenting in th@rocess of the planar Cu site as argued extensively in the

(b) 5-fold
2AfkgT=8 _
Nres/No=0.05]

the normal electrons in theoresof the fluxoids, accompa-
pied by the exchange of the energy among the nuclei via

H 13-15 .
crystals provided an important clue to address the pairingftérature=""=>1/T,, can be hence expressed as follds:
state for highT. cuprates to be of d-wave type in which s, s
the nonmagnetic potential scattering acts as pair breaker. (1T obsi= (LT ) e+ (UT s ).

The magnetic-field dependences®(1/T,,) at low-T in Hobs! IS+, s+ s,

Hg1223 for both Cu sites were measured in a field range Oéince8n<ss and (1T 1,)> (LT 4c:)
6—11 T. Belav 7 K where all theT; components follow the ! S
T,T= const law,®3(1/T,, T) is well fitted by (LT 1) obsi = (LT 10— 1T 10)i(H/ D) & &+ (LT 1),

3(1/T,, T)=a+bH 3 (i,j,k=a,b,c), 4

for both Cu sites as displayed in the insets of Figs) and  where 1T,,, 1/T,5, Sg, andS, are the relaxation rates in
3(b). The relaxation process in the mixed state is affected bynd out of vortex cores, the area in the superconducting and
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the normal state induced by the magnetic fididis the flux  such residual DOS is produced at the Fermi level by treating
quantum and; is the coherence length along thdirection.  the impurity scattering in terms of the unitarity limit in the
When the above formula is divided by the temperatlitea  d-wave model. It is crucial that not only the magnetic impu-
good correspondence between the experiment and the theotyy scattering, but also the potential scattering by some im-
is obtained with such relations as perfections lead to the pair breaking. As indicated by the
solid lines in Figs. 8) and 3b), %3(1/T ) is well repro-
duced with  parameters of MkgT,=8 and

N reS/NTC=O.05. Furthermore, a reduction rate Tyf by im-
urity scatteringAT. /T is estimated to be as small as 0.02
Below 7 K, it is remarkable thaf*(1/T,5) inherent to the purity 9ATc/Teo

superconducting state follows tfig T=const law which is for N reS/NTC_O'OS’_WhICh is smaller th_aATC/TCO B 0'13_
indicative of the gapless nature of superconductivity. Furfor Nres/Nt =0.30 in TI2223. From this result, the quality
thermore,%3(1/T;),,s abowe 7 K was also confirmed to fol- of Hg1223 is demonstrated to be better than TI2223 as sup-
low Eq. (4). The T dependence of¥(1/T,,) is plotted by ported also from the narrower NMR linewidth.

closed circles @) in Figs. 3a) and 3b) together with the ~ In summary, the*Cu nuclear relaxation raté(1/T,), in
results below 7 K. It is important to note th&%(1/T,;) de-  the superconducting mixed state in Hg1223 has revealed the
creases over four orders of magnitude belbwand behaves TiT=const law at low temperatures with a linear magnetic
asT,T = const below 7 K. In contrast to the case for Bi2212field dependence below 7 K, regardless of its distribution.
(Ref. 16 and T12223 the relaxation behavior in the mixed The latter experimental signature is consistent with the relax-
state at low¥ for Hg1223 is significantly affected by the ation process characteristic for the rapid spin diffusion to the
spin diffusion process to vortex cores. On the other hand, theormal electrons in the vortex cores via mutual spin flips as
superconductivity has been found to be in the gapless state ggserved for YBCO and Y124. By eliminating the contribu-
well. In order to compare the fraction of the residual DOStion to T, associated with fluxoids, the value ®{T=const
present in Hg1223 with that in TI2223, (,T) normalized inherent to the superconducting state has been deduced. As a

by the value af, is related to a residual fraction of the DOS result, the superconducting state of Hg1223 is concluded to
as seen in the formula be of the gapless type with a finite DOS at the Fermi level,

which amounts to 5% of the value @t, N os/Nt ~ 0.05.
Based on the 2[l-wave model, it has been shown that this
gapless state, which is possibly produced by some imperfec-
tions, does not suppress th€, at all with a small
T.-reduction rate ofAT./T.,=0.02 for NreS/NTC~ 0.05,
which is smaller tha\ T, /T ,=0.13 forN ,es/NTC~ 0.31in

TI2223. A cause for the higher value ®f in Hg1223 than
that in TI2223 is hence ascribed to the better quality of

a=(1/T.T), ©)

b=[(1/T17T) = (UT1sT) 166,/ D. (6)

(UM DIUT T ro7 = (NreJNTC)Za (7)

WhereNTC is defined as an effective DOSBt. N,/ Nt for

Hg1223 is estimated to be 0.05, which is much smaller
than Nyeg/Ny_~0.3 for TI2223!7

Now, we analyze thd@ dependence of3(1/T,s) below
T, for both sites in terms of the two-dimension@D) gap-
lessd-wave model with line nodes at the cylindrical Fermi HO1223
surface as\(¢)=A(T)cos2p with d,2_,2 symmetry where 9 '
the residual DOSN ,s, at the Fermi level is taken into ac-  The author would like to thank Dr. K. Ishida for valuable
count. The gaplesd-wave model consistently explained the discussions. This work was partly supported by a Grant-in-
NMR results in Bi2212¢ TI,Ba,CuQg, 5,'® TI22231"  Aid for Scientific Research on Priority Areas “Science of
TISr,CaCw,0-_5,% La,_,Sr,Cu0, (x=0.20,'° and Zn-  High Temperature Superconductivity” from the Ministry of
doped YBCO?° As extensively argued in the literatut&?®>  Education, Science and Culture.
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