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19%Hg NMR measurements have been performed both in the normal and in the superconducting state for an
oriented HgBaCuGOy,, s superconducting powder sample with=96 K. The large anisotropic Knight shift of
19%g, 19 .= —0.15% at room temperature, is explained by the chemical shift related to the lineat#g-O
bonding configuration. Both®* s, and %%, decrease beloW, and scale linearly with each other in the
whole temperature range investigated. teig Knight shift1°*« slowly decreases with decreasing tempera-
ture on approaching@. in the normal state, reflecting the decrease of the uniform spin susceptjgi(@y0)
with lowering temperature. Th&*Hg spin-echo decay can be fit by the product of a Gaussian component
(Tgh) and an exponential ond (). The Gaussian componefig ! which is dominant abov@,, is shown
to be due mainly to an indirect nuclear interaction via the conduction electhmisy and is found to be
directly proportional to the spin contributioi®*P) of the Knight shift. The exponential componehf *
becomes dominant well beloW, and is ascribed to the effect of thermal motion of flux lines. Thig
nuclear spin-lattice relaxation rafé;* in the normal state shows a Korringa behavior well ab®yewith
(T,T) '=0.1 sec! K. Reduction of T,T) "* with decreasing temperature is observed starting about 10 K
aboveT. and is consistent with the decrease 0f0,0) in the normal state observed K(T) and Tg?t.
19%¢SKT) was extracted using the Korringa relation and bely is found to fit thed-wave pairing scheme
with a superconducting gap parametdp2 3.5 T, . Thed-wave pairing is also supported by the temperature
dependence of*Hg T1! in the superconducting state. TA&Cu T7* and T, measurements have been
performed in the normal state. In contrast to the Korringa behavid®®fg T2 in the normal state, the
preliminary results show the increase of fff€u (T,T) ! with decreasing temperature, indicating the en-
hancement of the antiferromagnetic fluctuations of Cmoments common in the highs cuprates. The
reduction off*Cu (T, T) "' is observed starting aboWie, and is compared with the decreasé¥Hg K, T 51,
and (T;T) tin the normal state. ThR&Cu nuclear spin-spin relaxatioh, * is found to follow an exponential
decay in the normal state and to decrease with decreasing temperature similat%tighiS® and T 2.
[S0163-18296)01025-9

I. INTRODUCTION the Fermi liquid. In addition, the symmetric location of Hg in
the crystal lattice can afford a probe to test the existence of
NMR (nuclear magnetic resonanceas a microscopic the (antiferromagneticcorrelations between adjacent CuO
probe of local magnetic fields, has played an important rolelanes.
in investigating electronic properties and vortex dynamics In this paper, we report £Hg and®*Cu NMR study in
of high-T, superconductoréHTSC).* an oriented sample of single-phase Hg1201 wWit+96 K
HgBaCuO,, s (Hg120) which has the highest critical aimed at the microscopic study of the behavior of the Fermi
temperatureT ., among the single CuQayered compounds, liquid both in the normal and in the superconducting state.
is a good system for an NMR study of HTSC because of itsThe **Hg Knight shift (K), the nuclear spin-spin relaxation
relative simple structureand its stability with respect to oxy- rate (T, %), and the nuclear spin-lattice relaxation rate
gen stoichiometry. There is only one kind of Cu site in the(NSLR, T;}) have been measured as functions of tempera-
usual square-planar coordination with four oxygen atoms irture for two crystal orientations with respect to the applied
the same plane of the Cu. The copper-oxide planes are linkeiield H; Hilc and H.Lc. All the ®*Hg NMR parameters are
by O-Hg-O chains which involve the apical oxygejde-  found to be driven by the coupling with the Fermi liquid of
noted G2)]. As proved in the preliminary®Hg NMR study  the charge carriers and they give information about the spin
in Hg1201 powder sampfel®Hg nucleus(l=3) is a prom-  susceptibility in both the normal and the superconducting
ising probe for an NMR study of the properties of the Fermistate including the superconducting energy gap and the sym-
liquid becausdi) there is no perturbation due to quadrupole metry of pairing in the superconducting state. A small anisot-
interaction, andii) the large atomic hyperfine coupling con- ropy in the relaxation rate with respect to the magnetic-field
stant allows one to have a sensitive probe of the behavior adrientation is observed beloW, and above the irreversibility
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temperature. The effect can be ascribed to a contribution to M(T)
nuclear relaxation associated with the thermal motion of vor- K™ T)=K(T)+4m(1-N) —— (in cgs uniy, (4)
tices as discussed in a separate publicatihe **Cu NSLR
has also been measured falic to investigate the antiferro- wherek ™*®Sis the measured Knight shift ad is the intrin-
magnetic fluctuations and the problem of the opening of &ic one. Both the magnetizatidn and the external magnetic
spin pseudogap. field H are in Gauss units. The demagnetization fattdor

The paper is organized as follows. In Sec. Il we introducea granular sample is not uniform. An average vaie0.45
the NMR background which is helpful to understand thisis often assumed, independently of the orientation of the ex-
paper. In Sec. Il we present the experimental details and ifernal magnetic field.
Sec. IV the'®Hg and®*Cu NMR results. Data analysis and  The fluctuating part of the local hyperfine magnetic field
discussion are given in Sec. V followed by summary ands the source of the nuclear spin-lattice relaxation. The NSLR
conclusions in Sec. VI. T;1, can be written quite generally in terms of the general-

ized dynamical spin susceptibility’ and of the nuclear-
II. NMR BACKGROUND electron hyperfine coupling constamtsas™

Nuclear magnetic resonan¢blMR) 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 field . is generated by the electron
spin or the electron orbital motion. NMR parameters such as
K, T;%, andT,* monitor the hyperfine interaction between
the nuclear spins anHl,;.2° The shift tensolK expresses Wwhere w, is the nuclear resonance frequency, is the
the NMR line shift from the Larmor frequency and reflects nuclear gyromagnetic ratio, arg is the Boltzman constant.
the time average dfl,.. The total shiftk' can be decom- The presence of the filtering factofgq) in Eq. (5) allows
posed in general into spifk®?) and orbital contributions one to use different nuclei in the same system to probe dif-
(K°™) ferent regions inq space ofx(q,w). In Hg1201 one has
A(gap)=0 for the hyperfine interaction 3?*Hg nucleus with
K©(T)=KSA(T)+KO™®, (1)  the Cu moments provided that the Cu electronic spins are
. ) ] B ) ] antiferromagneticallfAF) correlated afj=qag both within
where « is an m_de_x whlph specifies the orientation of the 5 given CuQ plane and between adjacent planes. Hence, the
externﬂ) r_nagnencfleld with respect to the cryit\(/all axis system99|_|g is a good microscopic probe of the response of the
and K is t_he sum of the Van Vleck terrK”" and the  glectronic system af=0 just as®Y is in YBa,Cu,0;
chemical shifts. . ~(Y123) and Y-based HTSC®Hg has the noticeable advan-
The two contributions t& in Eq. (1) can be expressed in tage ove? NMR of a larger nuclear moment and a larger
terms of the hyperfine goupllng constahtand of the static  pyperfine coupling constant. F&fCu one can use the model
local susceptibilityy ad” Hamiltonian adopted to analyze Knight shift and spin-lattice
KEP— AP, relaxatiort? and write for the filtering factora(q) in Eq. (5)

1 X”(qvwo)
il » X (4,w0)
TlT) . 4yNkB; |Aa(q)| ® 1

Aa<q>=; (A)) €97, (5)

Ko A0, 0, 5 2 A()|nic=A, +2B[coda,a) +cogq,a)],  (6)
‘ ) “ e - otb whereA  is the on-site anisotropic coupling tensor, wide

Below the superconducting transition temperaturg) (K is the isotropic transferred hyperfine coupling for each of

remains temperature independent, whetedds expected to  foyr nearest-neighbor Cu spins which are assumed to be cor-

decrease with decreasing temperature in the superconductigiated. Equatior(6) shows that unles#, ~4B, the %°Cu

state due to the decrease of the quasiparticle density of state is sensitive to enhancement of the generalized spin sus-

at the Fermi level as a result of the opening of the superconeeptibility at the antiferromagnetic wave vecty-=n/a.

ducting gap.. o . If one models the generalized susceptibilitig,») (Ref.
For an axially symmetric shift tensor, the isotropi€isy) ~ 13) for the highly correlated electronic system then the
and the axial componettK ,,) are defined &s NSLR can yield useful information through E(). One of
the main issues in HTSC is whether the Fermi liquid of
_l doped oxygen holes and the @uelectrons form a single-
Kiso_ (KII+2KL)'

spin fluid described by a unique spin susceptibijjtyg,w) or
®) by the sum of two independent contributions:
x(0, )= xo(q,w) +xar(g,w). In either case the Cu spins
Ka=3 (Kj=Ky), which are strongly coupled by an antiferromagnéf€) ex-
change interaction are expected to give rise to an enhanced
whereK, (K, ) denotes the Knight shift for the applied field susceptibility forq=qar.
parallel(perpendicularto the axially symmetric axis of the In the presence of a weakly interacting Fermi gas and for
crystal. In measuring the Knight shift below, one should a direct contact and/or dipolar hyperfine interaction of the
take into account the macroscopic contribution due to theonduction electrons with the nucleus the expression in Eq.
magnetizatiof’ (5) reduces to the Korringa relation
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FIG. 1. X-ray-diffraction pattern of an optimally oxygen-doped  FIG. 2. dc magnetization fdtlic vs temperature for the aligned
HgBa,CuO,, 5 powder sample with grains aligned with a common HgBa,Cu0, , ; sample:(O) zero-field cooled, ané®) field cooled.
crystallitec axis.

The sample quality after alignment was characterized by

K2T,T=S, dc magnetization measurements to test whether the sample

(7)  has been contaminated in the alignment process or not. As

h 2 shown in Fig. 2, a sharp superconducting transition was ob-

| d for the aligned sample, strongly suggesting that the
= 877k | 7 served for g ple, gly sugg g

sample quality was not affected by the alignment process.

wherey, is the gyromagnetic ratio of a free electron apg
is the nuclear gyromagnetic ratio. THeand K dependence
of T;* are found to be described by E) also for a cor- X-ray-diffraction and dc magnetization measurements us-
related and strongly interacting Fermi gas provided that théng Quantum Design superconducting quantum interference
orbital contribution to NSLR is negligible and that one usesdevice spectrometer were performed to characterize the
in Eq. (7) only the spin contribution to the total shift>XT).  aligned Hg1201 powder sample!®*Hg and %°Cu NMR
However, in the presence of interactions and of correlationgneasurements were performed in a magnetic field of 8.2 T
among conduction electrons the so-called Korringa ratio, i.ewith a homebuilt coherent Fourier transfor(fT) pulse
K2T,T/S may be found to be quite different from unity.  spectrometéf operating at 62 and 93 MHz, respectively.
Typical 7/2 radio frequencyrf) pulse lengths fot**Hg were

B. Measurements

IIl. EXPERIMENTAL DETAILS 4 us co_rresponding to an rf ma}gnetic—field strength of 80 G.
The rf field strength was sufficient to cover the whole spec-
A. Sample trum with the linewidth less than 60 kHz above 20 K for

A single-phase powder sample of optimally oxygen-bOth orientations. NMR spectra were obtained from the FT

doped Hg1201 withT,=96 K was prepared by the method of half of the eclr;o signal_ using typical two-ritflse Hahn _echo
described in detail elsewhet®® The powder grains of an Method(TPHE).”" The spin-echo decay rafe, ~ was moni-
average diameter 12—20m were mixed with a low viscos-
ity and low magnetic susceptibility out-gassed epoxy LA LA AL BLELAL L B B
(EPOTEK 301 in a Teflon container and placed in a mag- - n
netic field of 8.2 T for 15 h. A flat-plate sample was prepared - -
for the x-ray-diffraction studies to test whether thexis of n T=98K |
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 -l
low diffraction angle is from the amorphous epoxy. By com- - 0 L T=102K
paring the relative intensity of th@03) line with the (102 L
main line characteristic of the randomly oriented powtler, .
we could estimate that more than 85% of the grains are . L,

S Hlle

Intensity

aligned with the crystallitee axis along the field. Although 62.2 62.3 624 625 62.6 627

the alignment obtained is not perfect, it is sufficient to give Frequency (MHz)

detailed information on the orientation dependence of Knight

shift and relaxation rates because of the large anisotropy of FIG. 3. Representative®®Hg NMR spectra aH=8.2 T for a
the Knight shift in the whole temperature range investigatedrandomly oriented powder sampllepper traceand for the aligned
These data will be shown and discussed in Sec. IV. sample for both orientationsjlic andH_Lc (lower trace.
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FIG. 4. Temperature dependence of #iHg NMR shift for FIG. 5. Temperature dependence 8, T) ~* of 1*Hg for both

two orientatior.ls of the external magnetic field with respect to thegrientations of the external magnetic fiel®®) Hiic, and (®) H.Lc.
tetragonalc axis: (O) K; for Hilc, and (®) K, for HLc. Note the  The dashed line is a fit to a Korringa behavioF;T) "=0.1 sec?
different scales foK, andK, . The inset is a plot oK, vsK . KL

tored with a TPHE sequencer(2),— 7— (), with variable  y_ray_giffraction pattern in Fig. 1. In spite of the small de-
7 separation. The nuclear spin-lattice relaxation (AIBLR,  gree of misalignment of the sample, the large anisotropy of
T, ") measurements were performed by monitoring the returine Knight shift allows for sufficient spectral resolution to
to thermal equilibrium of the nuclear magnetization with apeasure the orientation dependence of the Knight shifts and
/2 rf pulse after inverting the magnetization withmarf the relaxation rates with good accuracy.
pulse:” The **Cu NMR measurements were performed only  The Knight shifts,K, and K, , were obtained from the
for Hiic where no second-order quadrupole shift of tg‘ae NMRyelative frequency shift of the peak positions of the spectra
central line transition(1/2——1/2) is present. The>Cu  \ith respect to thé®*Hg resonance frequency in an aqueous
NSLR was measured from the recovery of the nuclear magsqytion of HANOs),. The results are shown in Fig. 4 as a
netization following a long saturation sequence. The value ofnction of temperature, while in Table | we give numerical
1/T;=2W was obtained from the fitting of the recovery regy|ts for three representative temperatures. BotandK
to the law:  M(%)=M(1)]/M()=Cexp(=2W1)  are found to decrease rapidly beldw as expected for the
+Coexp(— 12WY) yielding C,=0.45 andC,=0.55 in the g nerconducting gap opening. An interesting feature for the
whole temperature investigated, which are close to the theqQnterpretation of the data is the linear relation betwieand
retical valuesC,;=0.4 andC,=0.6. K, which holds in the whole temperature range investigated
All measurements were taken in field-cooled conditionsyg shown in the inset of Fig. 4. A linear relation betweégn

with an applied magr)gtic fjeld of 8.2 T which is much andK , was previously reported f&fY NMR in YBa,Cu0,
greater than the low critical field;;, and in the temperature (y123) 18

range 10 K<KT<300 K for two crystal orientations with re-

spect to the applied magnetic fieldiic andH_Lc. 10 ) _ ) .
B. 1%Hg nuclear spin-lattice relaxation rate (NSLR, T13)

IV. RESULTS The ®*Hg nuclear magnetization recovery was found to

) . obey a single exponential law in the whole temperature range
A. Hg NMR spectrum and Knight shift (K) investigated. The results for NSLR; ! are shovsn in Fig. 5 )

Representativé®®Hg NMR spectra in the oriented powder as a plot of T;T) 1 vs T for both orientations of the external

sample are shown in Fig. 3 for both orientatioffiic and  magnetic field with respect to the tetragooadxis. The Ko-

H.c, and compared with the powder spectrum obtained frontringa behavior, T;T) "'=0.1 sec* K™%, in the normal state

a randomly oriented powder sample of Hg 12®ef. 6 in  and the sharp decrease &) ! below T, observed here

order to show the good correspondence of the powder patteare in good agreement with the preliminalyHg NMR

features with the oriented powder signals. The signals for theneasurement performed in the Hg 1201 powder safhple.

oriented powder are slightly anisotropic revealing the presThe absence of a measurable orientation dependenteg of

ence of some powder not aligned as indicated also by than the normal state is an important result considering the

TABLE 1. %Hg Knight shifts in Hg1201 at three representative temperatit&5js the observed total
Knight shift andKPis 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 (%) K" (%) Kics (%) K% (%) K%, (%) K3R (%)
294 —-0.19 0.26 0.11 —0.15 0.07 ~0.0
102 —-0.21 0.25 0.10 —0.15 0.06 ~0.0

15 —0.25 0.20 0.05 —-0.15 ~0.0 ~0.0
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FIG. 6. *®*Hg nuclear spin-spin relaxatioria) Representative
decays of the spin-echo amplitude as a function of the pulse sepa-
ration in a two-pulse Hahn echo experimefif) Temperature de-
pendence of the different parameters extracted from the fit of th
spin-echo decay®) T, (A) T Y, and(©) Tg* (see the text for
details.

FIG. 7. %3Cu NMR in HgBaCuOQ,., s for Hilc: (&) (T,T) " vsT.
The solid line is a fit to TlT)‘1:C/T yielding C=2740 K. (b)
TylvsT.

The temperature dependence ©f and the two compo-
large anisotropy oK. The measurements reported here arenents, T ! and Tg?, of the spin-echo decay are plotted in
more accurate than the previous powder measurements afgly. 6(b) for ***Hg in Hg1201 forHllc.
allow one to measure a small but detectable deviation from a An interesting observation is the anomalous enhancement

constant T,T) ~* starting about 10 K above . _ of T * which has a peak around 20 K. Similar anomalies of
Below T the NSLR drops rapidly without any sign of a 1.1 were already reported fdt®y in Y123 (Ref. 20 and

coherence peak, a common trend in HTSC. An anomalou®sty i T1,Ba,Ca,Cu0;0, 52* and explained by the effect
71 )
enhancement of ;T) * can be observed around 30 K for ot thermally activated flux motion. On the other hand, the

Hllc. The anomaly is explained by an additional relaxationg g ssian component of the spin-echo decay
mechanism due to the thermally activated flux motion. A ’

systematic investigation of this effect with measurements

gl is
believed to arise from thé®*Hg nuclear magnetic dipolar
. . L . . : aithteraction. Its magnitude and temperature dependence is in-
different applied magnetic fields is reported in details d in the followi . d h dodinol
elsewherd. terpreted in the following section as due to the pseudodipolar

interaction via the conduction electroffsoles.
C. %Hg nuclear spin-spin relaxation rate (T5%)

The relaxation of the transverse magnetization which isP- **Cu nuclear spin-lattice (T 7 *=2W) and nuclear spin-spin
characterized by the spin-spin relaxation rate' shows an (T3%) relaxation rates
unusual temperature dependence. Abdyé¢he decay of the The ®3Cu nuclear spin-lattice relaxation rafg * (=2W)
transverse nuclear magnetizatidvi(t) in a TPHE experi- \yas obtained from the recovery law as explained in Sec. II.
ment follows a Gaussian law. BeloW, the decay becomes The 83cy spin-spin relaxation was found to obey an expo-
progressively more and more exponential. Some typical denential decay in the whole temperature range investigated

cays of the echo amplitude are shown in Figa)for the  from which a singleT, parameter was measured. The results
purpose of illustration of the effect. In order to analyze thefoy the S3cy (T,T) ! (=2W/T) and T;* are shown Figs.

data we utilized two different methods: the simplest is t07(a) and 7b). As seen in Figs. @ and 7b), (T,T) ! in-

define an effective T,y from the condition (reases with decreasing temperature and starts to drop with

M(TZEﬁ)/I\_/I (0)=1/e; the sepond method is to fit the spin-echo jaximum around 110 K abov&,, while T, decreases

decay using the expressidn monotonically with decreasing temperature. A laff€u
Knight shift for Hllc K,=(1.47-0.09% is observed at room

(8  temperature and is found to decrease slightly with decreasing
temperature yieldind<,=(1.43+0.09% at T~100 K.

t
M(t)= M(O)exp{ - T_L
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V. DATA ANALYSIS AND DISCUSSION

0.12

L B IR | T T ]
A. Anisotropy of the 1%Hg shift tensor —, g:?ril::r&dd i[ } %
The ®*Hg NMR shift is very anisotropic as is evident 0.10 F 1090 NMR 3
from the spectra in Fig. 3. In our previous refforte con- < 2 H 014 grerrerrrrreprrererrey
cluded that the large observed anisotropy originates mostly Eo 0.08 L ﬁ = onsk HE
from the orbital currents induced by the figttlin the linear va 3 i Eﬁ ' M' """"" = 33
dumbbell configuration of Hg-@) bond. g Hl M -0.16ERF < Coaulated
The NMR data obtained from an oriented Hg1201 sample 0.06 'IM A S I
strongly support the previous conclusion in several ways. 3 ® Temperature (K)
The total axial shiftk'S' defined in Eq.(3) remains almost 004 bbbl bl
constant a§ —0, as shown in Fig. 4 and Table I, indicating 0 50 100 150 200 250 300
thatK %' is not related to the spin susceptibility. Furthermore Temperature (K)

it is unlikely that the shift anisotropy can originate from an

anisotropy of the temperature-independent Van VI&eK) FIG. 8. Plot of the temperature dependence of'fielg isotro-

contribution to the magnetic susceptibility. Such an anisotP¢ Knight shiftK;s, component as measured and after corrected for
9 b y the effects of the diamagnetic shielding beldw. The inset shows

ropy would be at least partially reflected in NSLR;?, ) : ) .
behavior which instead is practically isotropic above 50 K asthe temperature dependence of the anisotropic Knight Syt

- . - . ... component and the calculated behavior due to the anisotropic
shown in Fig. 5. Finally in order to estimate the contrlbutlonShielding effects belowT,, (see text for details
to the shift anisotropy from the dipolar interaction of the ¢
19%g nucleus with the localized Cu magnetic moment, the

dipolar field at!®*Hg site was calculated by summing over a _ % Heo
cube with a side of length 30 times the lattice paramatef AmMy(T)= 8m\A(T) i) (1)
the tetragonal Hg1201 crystal and using the expression for
the dipolar field,h, from the Cu at =r; (Ref. 8§ where®;=2.07x10"" G cn? is the quantum of fluxj,(T)
is the penetration length artd., is the upper critical field.
3m)-rpry () By assumingH.,=75 T, \(0)=1500 A one can estimate
hi:r—s_ P from Egs.(10) and (11) the correction termAKY(T=0)=

: : —0.033(1-N,)% for H=8.2 T which agrees with the ex-

© perimental value-0.01% forN,=0.70. Using the tempera-
Kdip:E (KIP_ Kdip):E Zih—Zjhy ture dependence ok, N3(T)=A%(0)[1—(T/Ty)* ! and
ax gl L 3 H ' from Egs.(10) and(11), one can calculate the temperature

dependence of the contribution of the demagnetization ef-
where () is the thermal average of the paramagnetic mofects toK,,. The calculated values are compared with the
ment of the Cu ion induced by the applied fiéld Assuming  experimental ones in the inset of Fig. 8. The lack of detailed
an isotropic susceptibility per atony=(u)/H=4x10"2%  agreement can be easily explained due to the possible devia-
(Ref. 6 and from the known Hg-Cu distancd=4.76 A’  tion of \(T) from the temperature dependence expected
one hask %P=2 4x107%%. This value is almost two orders from the two-fluid model and/or due to the experimental er-
of magnitude smaller than the measured value and has ther in the determination oK,,. However, it is quite clear
opposite sigrsee Table)l. Thus we conclude the large ob- that the entirél dependence df ., below T can be ascribed
served shift anisotropy should be ascribed almost entirely t¢to the demagnetization effects. Thus we use now the correc-
the anisotropic chemical shift originating from the linear tion obtained from thel dependence oK, to correct the
configuration of the Hg-@) bond. Kiso(T) data. We write

Now we discuss the correction for the demagnetization

effects. As seen in the inset of Fig. 8, the anisotrdpielg

Knight shiftK . is T independent aboVvE, and it has a small KMeagT) = K2+ KB(T) + g—: (1-NpMy(T)

but rapid decrease by about 0.01%Tas0 K. The effect can

be ascribed entirely to the contribution to the Knight shift +2(1-N)M (T)]. (12)

due to the demagnetization effects. From B).and(4) one

has By assuming M, (T)<M,(T) and (4a/3H)[(1
=N)OIM(T)]=AK_(T) (i.e., assuming the temperature de-

4w pendence oK., is totally ascribed to the demagnetization
Ko (T) =Kgo+ 3H [(1=N)M,(T) = (1=N )M, (D)]. effecty we obtain the intrinsiKs(T) corrected for the de-
(100  magnetization effects. Figure 8 shows the corrected data to-
gether with the measurediie®{T). The correction has un-

In the weakly anisotropic HTSC YB&wO,, one has certainties due to the lack of knowledge of the exact
M,/M, =5. In our anisotropic system the ratio of the mag- magnetizatiorM (T) and of the demagnetization factNrfor
netizations should be even larger. Thus we can assuntbe two orientations in this Hg1201 oriented powder.

M, (T)<M,(T) and neglect the second term in the parenthe- In addition, the experimental observation of a negligible
sis of Eq.(10). The temperature dependence of the magnetianisotropy ofT;%, 1<T 1‘j/T Iylllsl.l in the normal state,
zation forH.,<H<H,, can be expressed?@s (see Fig. Bis consistent with a negligible contribution to the
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considerable uncertainties since we obtained the relatively
016 T T T T T T T T [ T T T sp . orb
L o H Il ¢ axis 100 | small value_oﬂ(ax_by subtrac.tlng a large value ﬁax from
e HL caxis HgNMR | the total shift. Using the estimatd¢, one obtains a Kor-
ringa value,K2, T,T=0.25x10"° sec K in the temperature
range 50 K<T<250 K. If we define the Korringa ratie as’

(%)

0.10 K2T,T

S ’

where S=0.83x10 ° sec K for'%Hg [see Eq.(7)], we ob-
tain k=0.31 for 1%Hg in Hg1201. This can be compared
Lo with the value of«=1.1 derived fort®Hg in Hg metal® The
0 0.1 0.2 0.3 0.4 Korringa ratio obtained here fé?*Hg in Hg1201,x=0.31, is
T T)"? (sec™ K1) not too far from the values quoted above for the simple Hg
1 metal thus confirming that th€*Hg 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 onex>1° In Hg1201 the deviation of the
anisotropic Knight shift from terms related to the spin SUS-Korringa ratio is in opposite direction, i.ec<1. This can be

ceptibility and/or to the Van VlecK -independent suscepti- easily explained by the presenceKr®, of a small negative

bility. term arising from the exchange polarizationsaflectrons by
Cud electrong (as expected for the single-spin fliid
B. 1% Knight shift and NSLR We conclude the®Hg K and T, are related by the
Korringa relation with a value of the Korringa ratio close to

The ~ observation of ~the Koriinga behavior gne a5 for normal metals. Based on the above conclusion that
(T,T) *=cons&0.1 sec~ K™ " and the observation of neg- 1994y NMR is a good probe to study the behavior of the

ligible anisotropy ofT; * in the normal state suggest that the g liquid in Hg1201, we will discuss the properties of the

19 -1 i_liaui i
*Hg T, probes the Fermi-liquid behavior gt=0 through ey fiquid both in the normal and in the superconducting
the isotropic contact hyperfine interaction without additionalg;ate in the following paragraphs.

contributions coming from AF fluctuations gt=qar. This
is consistent with the point symmetry of Hg nucleus which . I
implies the filtering of AF fluctuations of the Cu spins for C. Temperature depelgﬁnce of the spin suscepibility
three-dimensional3D) correlation of the spins. The simple from gKandT,
Korringa relation[Eq. (7)] is valid for a weakly interacting As shown in the previous paragraph the analysis of the
Fermi gas. For a highly correlated Fermi liquid the propor-temperature dependence af,T) ! and of the Knight shift
tionality of (T,T) ! to K2 may still be valid if the NSLR is  allows one to separate the component related to the uniform
dominated by the unifornig=0) generalized susceptibility. spin susceptibilityy’(0,0) of the Fermi liquid from the total
In order to verify this point we plot oK, VS (I'lT)’l’2 in shift. The temperature dependencekgf)(T), which mea-
Fig. 9 whereK , are corrected for demagnetization effects assures the temperature dependencey@D,0), is shown in
discussed above. Th&;,, appears to scale linearly to Figs. 10 and 11.
(TlT)‘”2 for a wide temperature range including the super- Before discussing the temperature dependend€BfT)
conducting and the normal stat€s0 K<T<250 K). The we would like to reconsider the results of the nuclear spin-
deviation at high temperaturd>250 K) may be due to a spin relaxation rate. As discussed in Sec. Il C the echo am-
decrease of the filtering effect at the Hg site reflecting theplitude decay curve can be fit as the product of a Gaussian
decrease of 3D correlation of the AF fluctuations with in- decay characterized by a time constégtand a exponential
creasing temperature or simply due to a sample inhomogesne with a time constant, . For T>50 K the Gaussian
neity. The deviation at low temperatu(@<50 K) can be component is dominant as shown in Fig. 6. At room tem-
explained by an additional relaxation mechanism in the vorperatureT g'=1.2 ms™. This value is considerably larger
tex staté which is not an intrinsic property of the normal than the value'(gl)dipwo.z ms 1 which can be estimated
Fermi liquid. Thus, by assuming T(T) Y2«<K®(T)= from a direct nuclear dipolar interaction amotigHg nuclei.
Kio(T)—K22 and K2(T=0)=0, the temperature- We stress that only the homonuclear dipolar interaction con-
independent ternkK 2® can be obtained by extrapolation to tributes to the TPHE decdyThus we argue that the echo
(T,T) ¥?=0 as T—0. We find K%'Sz0.0SB% yielding decay is dominated by an indirect nuclear interaction. This is
KO™=-0.25% and K%"=+0.20% by combining with not surprising sincé®™Hg has a very large hyperfine cou-
K 2= —0.15%. The spin contribution to the Knight S’  pling constant. The indirect nuclear interaction can be either
can be obtained by subtracting the above estimate&; a pseudoexchange interaction of the fodn,l,-1, or a
from the total Knight shift. pseudodipolar interaction of the form

In Table I, the values oK are shown for representative B [l1-1,—3(I1-Ry,)(1,-R1,)/R%,].2 The importance of these
temperatures. This analysisspecially fork ) may include indirect interactions in heavy metals and insulators was well

Q
2]
<1

(13

K=

K

0.05

FIG. 9. Plot of the'**Hg NMR shiftsK g, vs (T;T) Y2 (O) Hilc
and (@) Hiic. The line is a fit to find thé -independenk 2P using
the Korringa relationiK (T)=0.053+0.155(T; T) Y2 The data
are corrected for the demagnetization effects.
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ceptibility seems to have a common groun@hus we tried

0.10 : ; ,
C ' ' ' ] 4 to fit the ®Hg NMR Knight-shift data to the phenomeno-
0.09E T, E logical expression given by
_ J12 = A
X oosf I K(T)=Ko| 1—tant? ﬁ” (14
& _: S~ 2T
M 007 310 5._ where the fitting parameteX; is the apparent spin-gap en-
0.06 i ~ ergy atg=0 andK, is the constant value at high tempera-
e P a— 1.5-; ture. As shown in Fig. 10, the experiment@i® values are
0.05 ot L found to fit well to the Eq(14) and the fitting value\;,=106
50 100 150 200 2500‘8 K is close to the temperature at whicf,I) ! starts to
Temperature (K) decrease.

One can envisage two possible explanations for the de-
FIG. 10. Temperature dependence of 1f1g Knight shitand ~ crease ofy’(0,0) aboveT.. The decrease can be the conse-
of the Gaussian component of the spin-spin relaxation r@@: quence of the transfer of spectral weight of the excitations
K$P, and(®) Tg1. The solid line is a fit oKP by Eq.(14) in the  from low frequency to high frequency. This is the dynamical
text with the fitting parameters§,=0.09% andA.,=106 K. The  spin pseudogap a=0 discussed in the literature. On the
inset is a plotK$P vs T 1. other hand, a decrease »f(0,0) could be simply the conse-
guence of the transfer of intensity in the generalized suscep-
documented in the pioneering works by Bloembergen andibility y’'(q,0) from q=0 to q=qr as result of the enhance-
Rowland* and Ruderman and Kitté?. . ment of AF fluctuations provided that the sum rule
Loa" the present case the indirect interaction of they’(g,0)=constant is valid even for the system of nonlocal-
*Hg nuclei is mediated by the Fermi liquid of oxygen holesized magnetic momen®8.The issue of the opening of a spin
and is expected to be equivalent to the pseudodipolapseudogap in our sample appears to be of relevance since the
interaction in Tl and Hg metafs.In simple metals one Hg 1201 used here is optimally dopé@,=96 K) and no

expects that the pseu_doexchange interaction  constagecrease ofy’(0,00 above T, was observed in optimally
A;, behaves as a function of internuclear distdtas doped Y123.

(sin2k-R— 2kgR cosX:R)/R?*, wherekg is the conduction-
electron wave vector at the Fermi leverhe expression for
the pseudodipolar interactid®y, is more complicated and is
related to the nors-components of the wave function of the
conduction electror® In the inset of Fig. 10 we show that ~ The linear temperature dependenceTgf" for ***Hg led

the spin component of the Knight shift appears to be directly!S to conclude in Sec V B that the antiferromagnetic fluctua-
proportional toT gL. This observation suggests that the indi- tions of the C&" spins are correlated between adjacent
rect pseudoexchange and/or pseudodipolar interaction is sinRlanes forT <300 K implying a strong AF coupling between
ply proportional to the uniform spin susceptibility (0,0. ~ CUQ, layers which may seem surprising in this single layer
This conclusion is not surprising since the form of the indi-Material. In order to verify if strong AF fluctuations are in-
rect interaction discussed above is asymptotically propordeed present we performed the NSLR measuremerftian
tional toke and hence toy'(0,0). shown in Fig. 7. Thé*Cu T;! (=2W) is practically con-

It should be emphasized that the Gaussian component #fant in the range 110 KT<300 K resulting in the Curie-
the spin-echo decay §#°Cu in Y123 and other HTSC dis- type behavior of T,T) ~* shown Fig. Ta). If the generalized
cussed by Pennington and SlicKfehas the same origin as SPin susceptibility is strongly peaked a{=q,=m/a one
the pseudoexchange interaction discussed above as implicitgxpects foHlic from Egs.(5) and(6),
recognized in a later work by Imait al2” While for 835%Cu & 4
and forHllc the indirect nuclear interaction is proportional to _ 2,
the generalized susceptibility gt=q,r as a consequence of (ﬁ = (AL~ 4B)"X"(Aar.0)J(Anr0), (15
the enhancement of (qar,0) due to AF fluctuations and of where we have assumeg)~0 and have partitioned the dy-
the form of the filtering factoré\(q) [see Eq(5)], for ¥®Hg  namical susceptibility’(q,w)/w in a static parfy’(q,0) and a
the indirect nuclear coupling is proportional #0,0) mak-  dynamical spectral density functiod(q,w).***? The en-
ing the'®Hg nucleus an ideal probe of the Fermi-liquid be- hancement of T;T) "* in the normal state observed in Fig.
havior. 7(a) is the clear signature of the enhancement of the AF

As shown in Fig. 10 bottKP and T ! decrease with fluctuations, i.e.x'(dag,0) in Eq. (15). It is noted that the
decreasing temperature starting well abdye Both the ef- 3Cu Knight shift is practically constant in the normal state
fects onT ! and onK must arise from a decrease of the spinand thus it cannot be responsible for the enhancement of
susceptibilityy*". The decrease of* as evidenced biPis  (T,T) %
rather common phenomena in HTSC except for the over- The maximum present inT(T) * vs T at temperatures
doped Y123 and has been attributed to the opening of a gapigher thanT, [see Fig. 7a)] is ascribed to the opening of a
on the spin-excitation spectrum, so-called a spin pseudogappin pseudogap. Qualitatively the effect is the result of a
Although the origin of the spin pseudogap is still undercompetition between the enhancementyofga-,0) and a
debate’?®2° the phenomenological description of the tem- reduction ofJ(gar,0) due to the shift of spectral weight from
perature dependence for both static and dynamic spin sufew frequencies to higher frequencies. The maximum in

D. Antiferromagnetic fluctuations and spin pseudogap
from 83Cu relaxation
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c FIG. 12. Log-log plot oft**Hg T;* vs T in the superconducting

state for both orientation$O) Hllc and (®) H.Lc. Lines are fits for

FIG. 11. Plot of the normalizetP®Hg Knight shift in the super- 3 dependencésolid line) and linearT dependencédashed lines
conducting stateKR(T)/K:®(T.) vs reducedl/T,. The lines are

theoretical behaviors predicted feswave pairing(dashed lingand . . .
d-wave pairing(solid line) with the same superconducting gap pa- @nd crystal orientation are necessary before attempting a
rameter 2,=3.5;T. (Ref. 36. TheK(T) data are corrected for quantitative analysis of th&, data.

the demagnetization effects.

_ . E.S try of the pairing stat
(T,T) ! of ®3Cu should be related to the reduction’dHg ymmety oTthe pairing state

NMR parameter andT g (Fig. 10 and (T,T) ! (Fig. 5 Here we analyze th&*Hg Knight-shift and NSLR data

starting abovél. Since the'®Hg NMR parameters are sen- by comparing their temperature dependence beluwith

sitive to the uniform susceptibility’(0,0) one could con- theoretical predictions obtained for batbwave andd-wave

clude that the opening of the spin pseudogap involves botliaps® In Fig. 11 we plot the normalized value of the spin

theq=0 andg=g,r components of the spin-excitation spec- contribution to the Knight shift which should be a direct

trum. measure of the normalized spin susceptibility, i.e.,
We turn now to a brief discussion of FI‘?@CU T, data  3%0,0)/x5%(0,0) where the subscripsandn refer to the

shown in Fig. Tb). In other CuQ-based highF. supercon-  syperconducting and normal state, respectively. The decrease

ductors, forHllc, it is found that the spin-echo decay has both 19% (T) below T, depends mainly on the size of the su-

an exponential and a Ga_ussian component whereby_the 'attﬁlérconducting gap(T) and on the symmetry of the pairing

'S, relatecig }32}2*‘99 static susceptibility a=0ae, i.e., state. However, as has been shown recently by Sathb®

X (.qAF’O)' o .In thg present case we found that thethe temperature dependencekofre influenced by details of

spin-echo decay is dominated by the exponential compone@lﬁe Fermi-liquid theory thus making the conclusions of the

with no detectable Gaussian component. An exponentiaanal sis of the NMR data less straiahtforward

spin-echo decay is also found in other Geéased HTSC for y 9 '

H_Lc and the different echo decay for the two orientations is In sfplt(ta of th? SL;‘PO%COI\TI\';‘ngV\:e Wﬁ.“'ﬁ like t‘i point OL;t
explained by the anisotropy of the on-site coupling tepsor SOME T€AlUres or our-ng ata which seem to suppor

in the coupiing Hamiltonian Eq(6).° Thus one may argue d-wave'symmetry fqr the pairing state. Since no detqi!ed
the exponential decay observed in Hg1201Hc is a con- calculations are available for our Hg1201 system we utilize
sequence of different values of téetensor due to the pres- the calculations performed for Y123 by Bulut and
ence of apical oxygen. The exponential component is relate§calapind® with a BCS value for the gap parameter
to nonsecular spin-flip terms in the Hamiltonian and/ofTfo  240=3.%gT. chosen to agree with recent direct tunneling
type of processes involving longitudinal rather that trans-measurements at=4.2 K" As shown in Fig. 11 the experi-
verse (with respect to the external magnetic fielcompo- mental data are in much better agreement with the slower
nents of the local field at th¥Cu site at zero frequend&yt®  decrease oK(T) with decreasing temperature predicted for
Thus we believe that the reduction ®* reported in Fig. a d-wave gap. However, the tunneling measurements in
7(b) starting well abovel ;. should not be necessarily related polycrystalline Hg 1201Ref. 37 yielded a range of gaps

to the pseudogap opening. It is pointed out that effects ofrom ~5 to 20 meV, the origin of the spread being unknown.
anisotropy in the fluctuations of the €uspin components Thus it is conceivable that our Knight-shift data could also
could arise as a consequence of deviations of the spin systeloe found to be consistent withb anisotropics-wave gap as
from the perfect Heisenberg model occurring on loweringshown for the NMR data in Y12%.

temperature. Crossover effects of the?Cispin dynamics The temperature dependence of {fidg spin-lattice re-
from Heisenberg to X Y-like correlation have been recently laxation rateT; X shown in Fig. 12, is also consistent with the
reported in the planar Cu systemyGuO,Cl, asT—Ty=256  d-wave pairing which predicts &° temperature dependence
K.2® The presence of similar effects in the Cu planes ofof the NSLR belowT,.*® As for the case of the Knight shift
high-T, superconductors should not be ruled out. A morediscussed above, the conclusion B is also somewhat
detailed study of*Cu T, andT, as a function of temperature ambiguous due to the narrow temperature range in which the
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T2 dependence is observed. The deviation from THede- with a gap parameter close to the BCS value, i.e.,
pendence fol <40 K andHlic is due to an extra contribution 2A,=3.5kgT,.

due to the vortex thermal motions not presentHarc.” The As a result of the®®**Hg spin-spin relaxation analysis we
deviations from theT® dependence fof<20 K andHLc  find the unexpected result that the Gaussian component of
could be due to a nonzero residual density of states assodhe spin-echo decay, yieldin*, is dominated by a nuclear

ated with lines of nodes in the gap functit© indirect interaction via the charge carriers. THug! can be
used to measure directly the uniform spin susceptibility
VI. SUMMARY AND CONCLUSIONS x'(0,0) of the Fermi liquid. Considering that all Hg-based

compounds, HgB&£a, ,Cu,0,,,-. 5 have only one Hg

We have presented th€*Hg and ®3Cu NMR shift and  site and that the critical temperatufg is very sensitive to
relaxation rate data for a superconducting Hg1201-orientethe number of the CuQlayers and to the oxygen contefit
powder sample. The analysis of both sets of data allows on€ fact that**Hg is a good probe to study the Fermi-liquid
to reach some conclusions about the electronic properties @ehavior encourages one to extend tfitHg NMR study
the normal statefi) From 53Cu T;* vs T we find evidence systematically in Hg-based HTS%Wlth a different number of
for strong antiferromagnetiéAF) fluctuations in the cup ~ CUC. layers and oxygen contedt
plane; on the other hand®Hg T;* vs T results do not show
evidence of AF fluctuations. If one assumes a single spin-
fluid generalized response function this result implies filter- We thank A. Rigamonti, M. Corti, P. Carretta, M. Mali,
ing of the AF fluctuations at the Hg site as expected for 3DR. Stern, M. Horvafic and C. Berthier for helpful discus-
correlation of the Ct moments. Deviations of®*Hg sions. Ames Laboratory is operated for U.S. Department of
(T,T) ! from a constant above room temperature could beEnergy by lowa State University under Contract No.
an indication of a crossover from 3D to 2D AF correlations, W-7405-Eng-82. This work at Ames Laboratory was sup-
an issue which is currently explored in Hg1201 and in otheiported by the Director for Energy Research, Office of Basic
Cu-based HTSCLi) There is evidence for the opening of a Energy Sciences. This work at the University of Arkansas is
spin pseudogap both gt=0 andq= g, which bears more supported by NSF DMR 9318946, DARP&ontract No.
resemblance with the results in underdoped HTSC than iMDA 972-90-J-1001 through the Texas Center for Super-
the optimally doped ones. conductivity at the University of HoustoiTCSUH). This

We find that thé®*Hg NMR is a good probe of the Fermi- work at TCSUH is supported by NSF Grant No. 91-22043,
liquid behavior. Both the temperature dependence of th&JSAFOSR Grant No. F49620-93-1-0310 by BMDO, EPRI
1%Hg Knight shift and the NSLR beloWw, are consistent RP-8066-04, the State of Texas through TCSUH, and the T.
with a superconducting state characterizedlbyave pairing L. L. Temple Foundation.

ACKNOWLEDGMENTS

*Also at Dipartimento di Fisica “A. Volta,” Universitadi Pavia, 13a. Millis, H. Monien, and D. Pines, Phys. Rev.42, 167(1990.
[-27100 Pavia, Italy. 14Q. Xiong, Y. Y. Xue, Y. Cao, F. Chen, Y. Y. Sun, J. Gibson, C.

"Present address: New Material Laboratory, Samsung Advanced W. Chu, L. M. Liu, and A. Jacobson, Phys. Rev5B, 10 346
Institute of Technology, Suwon 440-600, Kyung Ki-Do, Korea. (1994

15 . .
IM. Mehring, Appl. Magn. ResorB, 383 (1992. Q. Xiong, Y. Y. Xue, F. Chen, Y. Cag, Y. Y. Sun, L. M. Liu, A.
F. Borsa, P. Carretta, M. Corti, and A. Rigamonti, Appl. Magn. 161%‘ Ja’\f,\(jltéson, ar:d C. :N Chu,IPhdeICQ(Kl, 233(1993' |
Reson 3, 509 (1992 e spectrometer employed a programmable pulse se-

guencefD. J. Adduci and B. C. Gerstein, Rev. Sci. Instrusn,
1403(1979]; a double-sideband rf switdD. R. Torgeson and
D. J. Adduci(unpublishedl]; and a receiver similar to D. J. Ad-

3D. Brinkmann and M. Mali, inNMR-Basic Principles and
Progress edited by P. Diehl, E. Fluck, H. Gunther, R. Kosfeld,

and J. Seelig(Springer-Verlag, Berlin, 1994Vol. 31, p.171. duci, P. A. Hornung, and D. R. Torgeson, Rev. Sci. Intrd.
“F. Borsa, P. Carretta, F. Cintolesi, M. Corti, A. Rigamonti, B. J. 1503(1976, with a quadrature detector.
Suh, and D. R. Torgeson, Appl. Magn. Res&n149(19995. 17E. Fukushima and S. B. W. RoeddExperimental Pulse NMR

5J. L. Wagner, P. G. Radaelli, D. G. Hinks, J. D. Jorgensen, J. F. (Addison-Wesley, Reading, MA, 1981
Mitchell, B. Dabrowski, G. S. Knapp, and H. A. Beno, Physica 8H. Alloul, A. Mahajan, H. Casalta, and O. Klein, Phys. Rev. Lett.

C 210 447(1993. 70, 1171(1993.

6B. J. Suh, F. Borsa, Ming Xu, D. R. Torgeson, W. J. Zhu, Y. Z. °C. H. Pennington, D. J. Durand, C. P. Slichter, J. P. Rice, E. D.
Huang, and Z. X. Zhao. Phys. Rev.3®, 651 (1994. Bukowski, and D. M. Ginsberg, Phys. Rev.3B, 274 (1989.

7B. J. Suh, F. Borsa, J. Sok, D. R. Torgeson, M. Corti, A. Riga-?°B. J. Suh, D. R. Torgeson, and F. Borsa, Phys. Rev. [7dit.
monti, and Q. Xiong, Phys. Rev. Left6, 1928(1996. 3011(1993.

8C. P. Slichter, Principle of Magnetic Resonance3rd ed. 21Y.-Q. Song, S. Tripp, W. P. Halperin, L. Tonge, and T. J. Marks,
(Springer-Verlag, Berlin, 1990 Phys. Rev. B50, 16 570(1994).

9G. C. Carter, L. H. Bennett, and D. J. Kahavetallic Shift in  22A. A. Abrikosov, Fundamentals of the Theory of MetdNorth-
NMR (Pergamon, New York, 1977Pt. I. Holland, New York, 1988

105, E. Barrett, D. J. Durand, C. H. Pennington, C. P. Slichter, T. A2F. Borsa and A. Rigamonti, Nuovo Cimend8, 194 (1967).
Friedman, J. P. Rice, and D. M. Ginsberg, Phys. Ridy.6283 24N, Bloembergen and T.J. Rowland, Phys. R@¥,. 1679(1955.
(1990. 25M. A. Ruderman and C. Kittel, Phys. Re96, 99 (1954.

11T, Moriya, J. Phys. Soc. Jpi8, 516 (1963. 26C. H. Pennington and C. P. Slichter, Phys. Rev. L&, 381

12F, Mila and T. M. Rice, Physica @57, 561 (1989. (1991).



54 19%g AND %3Cu NMR IN SUPERCONDUCTING HgB£UO,, 5. . . 555
27T, Imai, C. P. Slichter, A. P. Paulikas, and B. Veal, Phys. Rev. B R. Torgeson, Phys. Rev. Left5, 2212(1995.
47, 9158(1993. 34J. Leggett, Rev. Mod. Phyd7, 331(1975.
*8A. Sokol and D. Pines, Phys. Rev. LeTtl, 2813(1993. 35A. Sudb S. Chakravarty, S. Strong, and P. W. Anderson, Phys.
#R. Stern, M. Mali, I. Magelschots, J. Roos, D. Brinkmann, J.-Y.  Rev.49, 12 245(1994).
Genoud, T. Graf, and J. Muller, Phys. Rev5B 426(1994; R. 36N, Bulut and D. J. Scalapino, Phys. Rev. L&8, 706 (1992.
Stern, M. Mali, J. Roos, and D. Brinkmann, Phys. RevSB  37jyn Chen, J. F. Zasadzinski, K. E. Grey, J. L. Wagner, and D. G.

o LD 734(1995. _ _ Hinks, Phys. Rev. BI9, 3683(1994.

R. M. White, Quantum Theory of Magnetisr@nd ed.(Springer- 383 o Martindale, S. E. Barrett, K. E. O'Hara, C. P. Slichter, W. C.
,, Verlag, Berlin, 1983 p. 116. _ Lee, and D. M. Ginsberg, Phys. Rev.48, 9155(1993.

N. Bulut, D. Hone, D. Scalapino, and J. E. Bickers, Phys. Rev. Bag

41, 1792(1990 K. Ishida, Y. Kitaoka, K. Asayama, K. Kadowaki, and T. Mo-
' ) chiku, J. Phys. Soc. JpB3, 1104(1994).

32R. E. Walstedt and W. W. Warren, Scien248 1082 (1990. 200 Taki awayand b. B pMitzi Ph (s R?e)v Leff3, 1287(1994

33B. J. Suh, F. Borsa, L. L. Miller, M. Corti, D. C. Johnston, and D. : 9 e P PIYS. ' ' '



