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The end member of the Tl-based high-cuprate TIBaYCu,O, (TI11212) with the zero nominal hole number
has been synthesized and studied by Cu/TI NMR. The existence of the antiferromagnetic ordering was dem-
onstrated by the Zeeman-splitted zero-field Cu spectra. Static parameters at the Cu site such as the hyperfine
field Ho,=8.62 T and the quadrupolar frequenQﬁvQ=20.44 MHz were found to be comparable to other
high-T, related antiferromagnets @uQ, and YBaCu;Og. The relaxation rat@;* of the Cu site of TI1212
showed a significant deviation from the magnon theory, and was much smaller g@uQ,and YBaCuzOg.
The scaling between the temperature dependence ®f ¥land CuT;?, the ratio of which was consistently
explained with the hyperfine coupling constants determined by the analysis of spectra, showed that the relax-
ation is dominated by thedspin fluctuation. A possible relation between the spin fluctuation in the antifer-
romagnetic phase and the superconductivity in the Aigiphase is also statefS0163-182@96)06429-§

I. INTRODUCTION Lay gsS1g 14CUQ, is much larger than that in YBEW,O,. The
viewpoint of these two works is based on the possibility that
From a number of works accumulated on the superconphysical properties of LgsSI, 1CuO, and of YBaCusO;
ducting highT. cuprates in a past decade, it has been sugdiffer in a certain aspect which may be involved in the de-
gested that most of their physical properties are universallyermination ofT.
scaled by a single parameter, the carrier concentration. With Here we expect another possibility that the nondoped an-
doping the carrier, most high; cuprates undergo the three tiferromagnets also have a hidden key parameter which de-
regions:(1) nondoped oxides are antiferromagnets with theterminesT,. The motivation of our work on the antiferro-
Neel point_ comparable to the room temp_erature, which Arenagnetic phase of Tl-based cuprate TB&a,Y)Cu,0;
well described as the two-dimensional Heisenberg ma@el, (111212 is based mainly on this point. The subject of this
with a small number of carriers doped, they show the, neris 1o study the magnetic character in the antiferromag-
high-T; and many ano_malous properties in the normal stat etic phase to reveal different points between Tl-based sys-
such as the non-Korringa behavior of NMR,, or as the tem and other systems such as€a0, and YBaCuO. S0

temperature-dependent Hall coefficient, 48Hifurther dop- far, the antiferromagnetic phase of high-cuprates has been

?ng of excess carriers reducés to zero, the region of which left to be considered simply as a two-dimensional Heisen-
is called as the overdoped region, where the observed phys tif t with the Kbt ¢ bl
cal properties suggest that the conduction carrier in this re2€rg antiierromagnet wi e emperature comparable

gion is Fermi-liquid-like. vyith .the room temperature. There have been only few inves-
Contrary to this universalityT. itself does differ for dif- tigations on their magnetic characfethough some early
ferent materials, and varies from 10 to 150 K. So far, theréVorks on LaCu0, and YB"’EE:USOG report the existence of
have been trials to find out a key parameter that possibljh€ antiferromagnetic ordér> Especially for Tl-based sys-
makes such a difference if.. A leading work of this cat- te€ms, the interest had so far been concentrated on the over-
egory isuSR experiments by Uemusd al® They report that doped region.
the concentration of superconducting quasiparticles in We believe that the investigation on the magnetism for
YBa,Cu;0; is much higher than in LgSr, 1:CuQ,, though  the end member is by itself important in the field of high-
the nominal hole concentration of both the two systems isuprates, because the magnetism or the @s@n fluctua-
believed to be such that it gives the high€stin each group. tion is one of the candidates for the origin of the paring
Uemura also suggests that the concentration of supercoimteraction. In addition, by the study of the antiferromagnetic
ducting quasiparticles is nearly proportionalTg when the  phase, we expect to obtain directly the hyperfine coupling
hole concentration is not too high. Kitaokaal. investigated constant of TI-based systems. There has been much difficulty
the Cu 3 spin fluctuation in highF, cuprates by NMRRef.  in obtaining the hyperfine coupling constant in Tl-based sys-
2) to reach a similar conclusion that the spectral weight oftems, because the Knight shift is temperature independent,
the spin fluctuation at the Ilow-energy Ilimit in which disables one to carry out th€y plot, the conven-
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tional method for the determination of hyperfine couplingstep of 10 kHz. The frequency dependence of the observed
constants. spin-echo amplitude was compensated by the facigf.
We emphasize here that it is not self-evident that the synWidth of the excitation and the refocusing pulses were set
thesis of the antiferromagnetic phase for T11212 is possibleapproximately 2 and 4s, the spectral width of which was
In fact, for the superconducting phase, the effective carrienarrow enough compared with the structure of the spectrum.
concentration does not change against the small amount dhe spin-lattice-relaxation raté;* of the 3Cu nuclei was
substitution of ¥* for C&", which must act as hole fillin§. measured for both the central transition line and the satellite
For the end member compound TIBZu,0,, though the line at zero field by the conventional saturation-recovery
disappearance of the superconductivity is confirmed, therenethod with a pulse train.
have been few reports on magnetic properties until fiow. Field-swept spectra of the T1 site were obtained by re-
In this paper, after commenting briefly on the synthesiscording the amplitude of the spin-echo signal with a box-car
and the characterization of samples of TJB&u,O,, we integrator with sweeping the applied field in the temperature
demonstrate the existence of the static antiferromagnetic orange between 4.2 and 300 K. We measured spectra at sev-
der at 4.2 K by®®¥%%Cu NMR spectra at zero field. By the eral fixed frequencies between 100 and 200 MHz. The spin-
analysis of the spectrum, static parameters of the Cu site, thédttice-relaxation rate of the T1 site was measured under the
is, the internal field, the electric-field-gradie{@FG) tensor  magnetic field approximatgl6 T in temperatures between
and the hyperfine coupling constant are extracted. The hy4.2 and 50 K.
perfine coupling constant of the Tl site is obtained by the In order to avoid a ring down noise associated with the rf
comparison between the resonance width of TI NMR and Cypulses and a drift in the base line, we employed the phase
NMR. Next, the dynamic character of the Cu %pin is  alternation technique with the coherent detection, which en-
discussed through the temperature dependence of the nuclesyled us to measure spectra and relaxation rates with a high
spin-lattice-relaxation rate for Cu and TI sites. Observed reprecision.
laxation rates are well explained by hyperfine coupling con-
stants, which are independently determined by the analysis
of spectra. Finally, the spin dynamics is discussed and com- . RESULTS
pared with the result on the superconducting phase of
TI1212. The discussion is extended to the possible relation A. CuNMR spectra
betweenT . and the spin fluctuation in the antiferromagnetic  Figure 1 shows the zero-field spectrum®fCu NMR,
phase. where one can see the six resonance lines, some of which are
overlapped. These six lines were successfully assigned to
the quadrupolar-split Zeeman signals from the single copper
Il EXPERIMENT site with the two isotopes dPCu and®*Cu. The parameters
A polycrystalline sample of TIB&'Cu,0O; was obtained of H, the internal fieldyg, the quadrupolar frequency, and
by the conventional solid-state reaction of,@4, Y,O;, 6, the angle betweeH ; and the principal axis of the electric-
BaO,, and CuO with the purity of four nines. We also pre- field-gradient tensor were deduced by the numerical diago-
pared the compound of TIB&a, g5Y 9 99CW0O;, for which  nalization of the nuclear-spin Hamiltonian fo=3/2. We
the small number of hole carriers is doped explicitly. Theassumed the axial symmetry in the electric-field gradient,
method of syntheses in detail is described elsewhdriee  which is a reasonable assumption because of the symmetry
powder x-ray diffraction, typical patterns of which are given of the crystal structurd4/mmm Obtained parameters are
in Ref. 7, showed that samples are of phase pure, and that tisbown in Table I, where the results for JGuO, and
crystal structure is tetragonal. In order to avoid the rf skinYBa,Cu,Og4 are also given for comparisdr. If we assume
effect in measurements of NMR, obtained samples of apthat the principal axis of the electric-field-gradient tensor is
proximately 500 mg were ground into powder, and embedalong thec axis, which is also reasonable for the symmetry
ded in epoxy resin Stycast 1266. The crystallographic axis obf the crystal structure, the direction of the 3pin is found
each powder grains was aligned by curing the epoxy in do be slightly canted out of the CuO plane.
high magnetic field of 12 T. With these parameters obtained, and with the assumption
Zero-field spectrum of*%%Cu NMR was obtained at 4.2 of the Lorentzian form for each resonance line, we repro-
K by plotting the integrated amplitude of the spin-echo sig-duced the profile of the spectrum, which is given as the solid
nal against the frequency between 80 and 120 MHz with aurve in Fig. 1, showing an excellent agreement with the ob-

TABLE |. The static parameters of the Cu site in antiferromagnetically ordered state. The results on other
antiferromagnetic phase of highs oxides LgCuQ, and YBaCu;Og are also shown in comparison. The
hyperfine coupling constadmgg‘—4BC”| is obtained by employing the effective magnetic moment as theo-
retical estimationuz3=0.6ug .

TIBa,YCu,Oy La,CuQ, (Ref. 4 YBa,Cuz;04 (Ref. 5
Heu (T) 8.62 7.878 7.665
%y (MH2) 20.44+1.3) 31.9 22.87
6 (deg 81(=9) 79 90+10)

|ASE—4B%Y (kOelug) 144 131.3 127.8
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FIG. 1. Frequency spectrum &°Cu NMR at 4.2 K, zero field. FIG. 2. A typical profile of the field-swept TI NMR spectrum at

6T3he solid curve is calculated from the obtained parameit&fs,  101.7 MHz. The dashed curves are deconvoluted two Gaussian
Vo, and 6, assuming that each transition line has the Lorentziary, ms corresponding to the two isotopes3#1 and 2°5TI.
form.

was K =0.3%. A typical spectrum is shown in Fig. 2. One

served spectrum. The coefficient of the resonance line widtfan see an extremely broad peak, which was successfully
for Lorentzian was approximately 1.7 kQ&9 MHz for full ~ deconvoluted to the two Gaussians, corresponding to signals
width at half maximum FWHM in the unit of the frequericy ~from the isotopes of*°Tl and **TI. The profile of the spec-
almost the same for both the central transition line and thérum was independent of the angle between the applied field
satellites. This proves that the width is mainly contributed byand the aligned axis of the sample. In measurements under
the inhomogeneity in the magnetic field rather than that invarious magnetic fields between 3 and 8 T, the separation
the electric-field gradient. That is, if it were the contribution between the two Gaussians was proportional to the reso-
from the latter, the width of the center peak would be muchnance field, reflecting the difference in the gyromagnetic ra-
smaller than that of the satellites. Note that the Lorentzianios of the two isotope§3y=24.33 and®>y=24.567. On the
form of the observed spectra is simply due to the distributiorsther hand, the width of each Gaussian, approximately 0.95
form of the internal field rather than to the homogeneousoe, was independent of the resonance field.

broadening. This is because the latter was found small prgfiles of the spectra at several temperatures between 4.2
enough to be neglected from the measurement of the Spifgg 300 K are shown in Fig. 3, where one can see a signifi-
spin relaxation rateT; =50 us at 4.2 K. ant decrease in the resonance linewidth at higher tempera-

We compared the observed resonance line width of 3. ;
X res. A K, the two resonance lines wer rv -
MHz with reported resulf®® on LaCuQ, (1.5 MH2) and ures. At300 K, the two resonance lines were observed sepa

YBa,Cu;05 (3.5 MH2) to find that the inhomogeneity in the

ordered magnetic field for our sample is comparable to other ' '
antiferromagnets. In addition, the x-ray powder-diffraction ~ 198.17MHz
pattern does not show any impurity phases. These observa- Hylc
tions lead us to consider that the sample quality of TI1212 is 42K
as good as other antiferromagnets of ,€a0O, and 3 50K
YBa,Cu;05. We mention that the finite and not negligible k] - » 100K
linewidth observed here can be caused by the small number = \ 3
of the hole carriers due to the oxygen nonstoichiometry, 5 g a
which had been demonstrated by NMMRef. 12 in ° gz Asa
La, «M,CuQ, (M =Ba,S) at the early stage of the high: G = § DUSR
cuprates. Our speculation can be confirmed straightforwardly K E 0
by experiments changing the oxygen content by Ar- 205 \_‘m "(;‘eniogrzt(l).g:(olg)
annealing treatment, which is now under progress. . Te LT P ,

For the compound of TIB&Y  ¢:Ca 05 CU,O;, Where a 76 78 79 81 83 84 86
small amount of holes are explicitly introduced, no signal Magnetic Field(T)

was observed in the frequency range 70—120 MHz within a
signal-to-noise ratio at 4.2 K. This may also be due to the
large inhomogeneity in the ordered field, which wiped out
the entire spectrum.

FIG. 3. Temperature dependence of the field-swept spectra. At
300 K, the two lines are completely separated, indicating that the
system is paramagnetic. Temperature dependence of the resonance
line width of Tl spectra is shown in the inset. The width is tenta-
tively defined as the FWHM of the whole spectrum. The horizontal

Field-swept spectra of®*?%T| nuclei were observed at dashed line shows the separation between the resonance position of
the position of nearly zero internal field; the shift at 4.2 K the two isotopes.

B. TI NMR spectra
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FIG. 4. The typical relaxation recovery of the Cu NMR at the _FIG- 5. The temperature dependence of Tir. Results on
central transition and the satellite. The theoretical relaxation curved B2CtOs and LaCu0, by Tsuda(Ref. 4 are also shown for
are also shown. comparison.

rately. We tentatively extracted the temperature dependen gte for TI1212 was smaller than that of the other two anti-

of the width determined as a FWHM of the whole spectrum, erromagnets by one or two orders Qf magnitude. The tem-
which is given in the inset of Fig. 3. perature dependence of the relaxation rate was also weak

compared with the other two.

C. Cu NMR relaxation rate T1?! D. TI NMR relaxation rate T:

The nuclear-spin-relaxation rafe;* was obtained from
the recovery curve of the nuclear magnetization after th<?11
saturation by a pulse train. Since the nuclear spitf®fi and
5Cu are 3/2, the recovery of the magnetization to its therm

The relaxation curve of the Tl nuclei was described by the
ultiexponential function *1 e YTii—|se YT1s  where
T.d is the short component, antl;}, the long. Typical
equilibrium follows the so-called multiexponential function elaxation curves are_shown in Fig. 6. The observeq two
components in relaxation curves indicate that there exist two

1-Ae YT1i—Be 3Ti—Ce ®T1 where A, B, and C are . . : .
. | Tl si longin he different environments, though ther
constants, which depends on the initial condition, or in othet sites belonging to the different environments, though there

ds. th i b f th | . is only one crystallographic Tl site. This is because Tl nuclei
words, the occupation ”“mdgil" € nuclear-spin energyave spins of 1/2, for which the single exponential recovery
levels right after_ the saturatiort. is expected in homogeneous systems.
_ _If the populations on levels except fo_r the satu_rated tran- The ratio of the two relaxation timeE, /T, and of the
(sitlgngafre ctc;]mpletetly :thmhantgeﬂbei\i) :q:piolplgrtlongl :O two amplituded /I g had almost no temperature dependence
09 Tor the central transition between== 1/, and 10 ,avean 4.2 and 50 K. In order to keep the number of free
(1,5, for the satellllte transitions .betweeH1/2<—>+3/2 or parameters minimum, we kefit, /T,s and | /I as fixed
—1/2-3/2. Next, if the populations on the levels other | s "g 3" and 0.43 in the determination of the relaxation

the neighboring saturated level#\,8,C) is proportional to rl)ate by the least-squares method. We show in Fig. 7 the

(2,0,3 for the central transition, and ®,5,2 for the satel-
lites. Observed relaxation curves for both the center line and

10°

the satellites in Fig. 4 followed what is expected for the latter T2'1212 ' ' 205"1‘2
case. This indicates that there does exist a rapid relaxation

rocess which modifies the population of the neighborin
E—:vels immediately after the sgtfration. Note that tr?is relaxg— —_ W417MHz - S86T  Hole
ation process should be considered anomalously fast, be- ~ Ty /Ty=63 I /1s=3]7
cause the Cu spectrum spreads over the frequency range as 107!
wide as tens of megahertz. The existence of this rapid relax- <
ation has been reportediso for LsCuCd* and YBgCu,Og, 50
and is characteristic to the antiferromagnetic phase, because 3 10K
the relaxation curve for the superconducting phase is well
described by the former ca€® In reports on LgCuQ, and _2 ISOK . . NG
YBa,Cu,Oq by Tsuda® the possibility of the spectral diffu- 10 0 100 200 300 400 500
sion is pointed out, but the detailed origin of the relaxation is Delay from Saturation (msec)
still not clear.

The temperature dependence of the relaxationTatefor FIG. 6. The typical relaxation recovery of the TI NMR. The

the central transition line and the satellites is plotted in Figrelaxation curves were obtained by the least-squares method on the
5, where the results on LGuQ, and YBaCusOg reported by  assumption that the relaxation rates have the two components of the
Tsuda, Ohono, and Yasudkare also shown. The relaxation short and the long term.
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sensitively depends on the number of oxygen coordination, a

800 ' direct comparison of those observed values seems to be dif-
Te1212 A A ficult. However, as a qualitative argument, we can see that
600 L A B & 1 63VQ is smaller for the system with a smaller tolerance factor
2 A %Cu : center line 107.1MHz between the CuO plane and the block la}fer.
P The transferred hyperfine coupling constant at the Tl site
< . . .
& 400 | : can be obtained from the observed width of resonance lines
= A A 630y x (S3y/ 05y)-2 . .
8 Y by the following procedure. While the mean value of the
i m—2°Tg ordered field produced byd3spins is canceled at the Tl site
=200 1 as stated above, its inhomogeneity -, is expected to reside
~ *Tg:Hyle 14417MHz and contribute to the inhomogeneous width of TI NMR. This
L is confirmed by the fact that the observed profile of the TI
00 - 1020 30 40 50 60 spectra was independent of the angle between the sample
Temperature (K) axis and the applied field, indicating that the internal field at

the Tl site is random. Since there are two contributions from

FIG. 7. The temperature dependence of the short component 5pe 3 spins above and below the Tl site to the width, the

Tl T1&. The relaxation rate for Cu scaled by the gyromagnetic ratidnhomogeneity in the hyperfine field at Tl site is given as

is also shown. 6HTI:‘/2AT| SH CU/|AgtL)I_4BCU|' 1)
temperature dependence 'bfsl with the res_ult of CuT;!  whereA™ is the transferred hyperfine coupling constant for
scaled by gyromagnetic ratios. The relaxation rate of the Tlthe Tl site. The factov?2 in this formula is due to the fact

site T ;5 and hencel 3 was much smaller than the scaled that H+, is the sum of two random variables. Substituting

relaxation rate of the Cu sif€; 1(**y/*%y) 7% the observed values afH and SH¢, to Eq. (1), we ob-
tainedA™=56 kOefug , which is too large to be explained in
IV. DISCUSSION terms of the classical dipole-dipole interaction, and hence

suggests the existence of the supertransferred hyperfine in-
teraction from Cu to Tl site via the apical oxygen.

The observed spectrum of Cu NMR at zero-field, whichis  So far, there has been reported much experimental evi-
explained in terms of Zeeman-splitting with a quadrupoledence that suggest little spin transfer from Cu to the adjacent
interaction, clearly demonstrates the existence of the antifemoncopper layers in La-based and Y-based cuprates. For ex-
romagnetic ordering in TIB&Cu,0; at low temperatures. ample, an extremely small hyperfine field of 1 kOe at the La
The observation of Tl spectra at nearly zero shift assures thaite in LaCuO, was reported by Nishihatand explainetf
the magnetic ordering is antiferromagnetic along ¢haxis, in terms of the antibonding betweerp 2 of apical oxygen
and hence the three dimensional. The averaged value of thend 3,2_,2, which is believed to be the ground state of the
internal field produced by the ordered 3pins is canceled to Cu hole. Takahashi, Nishio, and Kanantdhave shown by
be zero at the Tl site due to the geometrical symmetry. Thishe cluster-model calculation that the supertransferred hyper-
static cancellation along axis makes a clear contrast to the fine interaction to the La site through the apical oxygen does
superconducting phase of TI1212, whexk spins belonging not exist, if one assumes thes ®and in the La atom. Also
to the two adjacent CuO plane facing across the TIO layefor the superconducting phase of Y®a,O,, a very small
fluctuate incoherently rather than antiferromagnetically. Werelaxation rate and Knight shift of the apical oxygen have
briefly describe this result in the Appendik.*® been reported® suggesting the unlikeliness of the superex-

From the observed internal fieldc =86.2 kOe, we esti- change interaction between the plane site Cu and the block
mated the hyperfine coupling constant of the Cu site to béayer.
|ASY—4BCY =H ¢,/ u3q=144 kOehy, Where Ay and B On the other hand, in Tl-based systems of TI1212 and
denote the on-site hyperfine coupling constamtithin the ~ TI2201 (Tl,Ba,CuQ;_,), the existence of the supertrans-
CuO plane and the transferred hyperfine coupling constarferred hyperfine interaction has been suggested in the early
from the neighboring 8 spin, and value of the theoretical stage of the study to explain the observed large relaxation
prediction u54=0.6u5 Was adopted for the magnetic mo- rate of the Tl site*? Brom, Reefman, and J3lsuggest the
ment of the & spin? existence of the small atomic distortion so as to avoid the

All the obtained parameters for the Cu site except for theproblem of the antibonding betwegm,, and 3,2_,2. Ac-
guadrupolar frequency are comparable to the antiferromagsording to them, it is possible to explain the large relaxation
netic phase of other highi; cuprates, as shown in Table |. rate at the Tl site, if the apical oxygen is moved only 0.17 A
Here we reach the first conclusion that the existence of th&om the plumb line passing the Cu site. However, this idea
three-dimensional antiferromagnetism was confirmed in th&loes not seem to be likely, because the structural distortion is
Tl-based cuprate, and that the static parameters within Cu@ore significant in La-based systems, where the existence of
planes are universal for the antiferromagnetic phase of moshe large tilting of Cu@ octahedra is reported. Another
high-T. oxides. This is a reasonable consequence of the fadtlea, which seeks the origin of the large hyperfine coupling
that the static character of the ordered state is rooted in theonstant in the atomic character of Tl is also unlikely, be-
nature of Cu 8 spins. cause it contradicts the theoretical calculation by Takahashi,

It is noticeable that only the quadrupolar frequefiy,  Nishio, and Kanamori; which proposes that the hyperfine
shows a significant difference for the three systems.eﬁqy interaction is small, assuming & ®and. So far, the experi-

A. Spectra
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mental evidence for the large hyperfine coupling between the

block layer and the Cu site has been reported only for TI- 150 | TeBa,YCu,Cu,
based systems. Since this issue is closely related to the - P
ground-state symmetry of the Cuddand, a theoretical re- DR a b
investigation seems to be necessary. & a

Finally in this section, we give a detailed account for the £ 100 ¢ .
observed spin canting of approximately 8° in the TI1212 “é A . .
system. The existence of the spin canting had been reported 2 " -
also for LaCuQ, by NMR (Ref. 4 and neutroff* experi- 2 os0f =" A—%Cu
ments, and is interpreted in terms of the Dzyaloshinsky- E B—205Tg(x 1.4)
Moriya interaction between @& spins. Generally, the (0542054 634834y 221 4
Dzyaloshinsky-Moriya interaction, the form of which is 0 ' , ‘ , ,
D-S§X§;, is induced by the spin-orbit interaction between 0 10 20 30 40 50 60
the two spins, when the middle point of the tworist the Temperature(K)

inversion center. Since the interaction constargan be de-
termined to some extent by the symmetry, we try to examine FIG. 8. The comparison of the relaxation rate for Cu and TI
the case of TI1212. First, the CuO planes in TI1212 are osites, which are scaled by the factor gf *|A| 2.

the bilayer type, so that there is no inversion centers at the

middle point of the two nearest-neighboring 8pins. By the _ 5 )

consideration of the symmetfy?® one can easily find to T e TYa2 [Aql2X (9, 00) @y, 2

be proportional td0,0d,), whered, is constant. Therefore, 9
the interaction fornD-§ XS, contains the spin component of

S,, which is consistent with the experimental observation Ofpling constant,/(q,w) is the dynamical susceptibility, and

the canting out of the CuO plane. , . @ is the Larmor frequency of the nuclear spin. If the
In the case of LgCuQ,, on the other hand, the inversion pclear-spin relaxation at both the Cu and Tl sites is driven

center at the middle point of the two'nearest-neighborir}goy a single spin degree of freedom, one expects that the
spins is lost, only when the large buckling in CuO planes is;cg1ed relaxation rat&; Ly, 2|A| 2 for Cu and Tl must be

brought by the structural phase transformatfcaround 500 equal. The hyperfine coupling constants for the two sites

K from the tetragonal phas¢4/mmnj to the orthorhombic o6 heen already obtained by the analysis of the spectra in
phase €mcg. It has been argued that this orthorhombic 5o 1\ o291 Fig. 8, we present the scaled relaxation rates

distortior?® plays a crucial role for the occurrence of the 63cu T; 1 and?°°TI T 1< to indicate that both the magnitude

Dzyaloshinsky-Moriya interaction, and hence of the spingng the temperature dependence of the two sites are nearly

canting. Noting that the spin canting in TI1212 is driven by scajed, considering the ambiguity in the determination of hy-
the intrinsic crystal symmetry rather than by the structuralyerfine coupling constants. Therefore, we can conclude that

instability, one can see that the mechanism of the spin canine rejaxation at both the Cu and Tl sites is driven by the
ing is quite different for TI1212 and L&UQ,, though they  gjngie relaxation mechanism, and that this relaxation mecha-

show similar experimental results. nism is magnetic, because the Tl nuclear spin is free from the
electric quadrupole disturbance. The possibility of the para-
magnetic center as a relaxation mechanism is also denied,
because the measurement of the Tl site is under the magnetic
The mechanism of the nuclear-spin relaxation by the magfield of approximately 6 T, which is usually high enough to
non processes in antiferromagnets had been studied extesudppress the spin fluctuation of paramagnetic centers.
sively by Beeman and Pinctlsin 1968. As for the antifer- As a consequence of the above observation, we can draw
romagnetic phase of high; cuprates, Chakravady out another conclusion that therelile antiferromagnetic
investigated theoretically the two- or three-magnon processpin correlation between the twad3spins on the adjacent
by taking the two dimensionality into account to report theCuO planes facing each other across the TIO layer. In other
strong temperature dependenceTéfor T2 for the nuclear-  words, most of the nearest-neighboring two Cd 8pins
spin-relaxation rate. However, according to the report byabove and below the TI site fluctuate incoherently, so that
Tsuda, Ohono, and YasuoR#he temperature dependence of both of them contribute to the relaxation at the Tl site. If, on
T for both YBa,Cu;Os and LaCuQ, is much weaker com-  the other hand, there is an antiferromagnetic spin correlation
pared with the theoretical prediction. And as is clear forbetween bilayers, the magnetic field induced by tdesBins
TI1212, the observed temperature dependencB;dfis not  will be canceled out at the Tl site due to the geometrical
explained in terms of the conventional magnon theorysymmetry, and the relaxation rate at the Tl site must become
Therefore, we would like to represent mainly qualitative ar-much smaller than observed.
guments here. In this argument, we have been concentrating on the short
First, we show that the dominant relaxation mechanisncomponent of the relaxation rate of the Tl sltgs. The long
for both the Cu and the Tl site is the spin fluctuation of Cucomponent in the Tl site relaxatioh;,* is explained consis-
3d spins, and that other mechanisms such as paramagnetently if there exists a small number of Tl sites where the
centers or the electric quadrupolar interaction are not thgeometrical cancellation partially holds. Those TI sites are
main contribution. The nuclear relaxation rate is generallyexpected to contribute to the long component of the relax-
described by Kubo's formula as ation. Considering the magnetization fraction of the two re-

wherey, is the gyromagnetic ratid} is the hyperfine cou-

B. Relaxation rate
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laxation componentky/|, =3.7, the geometrical cancellation from T, data to show thal™ in YBa,Cu;O; (T,=90 K) is
holds only for a limited number of Tl sites, while it is broken possibly higher than that in LasSr, 1:Cu0, (T.=35 K). He
for the other dominant Tl sites possibly due to the thermahkttributed this difference il" to the different hole carrier
disturbance or the inhomogeneity in the sample. This resultoncentration between YB@u,O; and Lag gSfg1:CuO,.
on the spin correlation makes a significant contrast to that ifhe direct measurement of the superconducting carrier con-
the superconducting phase of TI1212, where the antiferroeentration was performed by UemurgsSR experiments,
magnetic spin correlation between bilayers is completelywhich agreed qualitatively with Kitaoka’'s speculation. Com-
lost, as shown in the Appendi&:® bining their arguments, we note that the carrier concentration
Next, we examine whether or not the obtained hyperfinenay determine the spin fluctuation, which may determine
coupling constants in the antiferromagnetic phase are th&.. Now, let us turn to our NMR results on the antiferro-
same as those in the superconducting phdsellowing the  magnetic phase, where the intensity of the spin fluctuation
procedure by Kitaokat al,*® we first assume thay’(q,w,) increases from T11212, YB&u;Og to La,CuQ,. This order
of the superconducting phase is enhanced around the antifezeincides with that in the superconducting phasaggesting
romagnetic vectogg=(,7). Then the ratio of the relax- the possibility that we can predict the intensity of the spin
ation rates of the Cu and TI sites for the superconductindluctuation in the superconducting phase, and hence &ven

phase is expressed as by investigating the spin fluctuation in the antiferromagnetic
. phase.
2057 - .2057—2_ 2(ATH? -
BT %y (A= 4BT) 2+ (AT 4B V. SUMMARY

where?®®y and®%y are gyromagnetic ratio of Tl and Cu, and  The existence of antiferromagnetic ordering in the T11212
AE“ is the Cu hyperfine coupling constant parallel to the system with the zero nominal hole concentration was dem-
axis. We compare the experimentally obtained value for th@nstrated by the zero-field Cu NMR spectra. The static pa-
left side with the right side calculated from hyperfine cou-rameters of the Cu site was obtained by the analysis of the
pling constants. Making a further assumpfidthat the on-  spectra: the internal fielt ,=8.62 T, the quadrupolar fre-
site hyperfine coupling constardt§ andAS" are nearly the quency®v,=20.44 MHz, and the angle between the princi-
same for most high, cuprates asqggzgo kOefz and pal axis of the EFG tensor and the internal figkl81°, and
ASU=160 kOefss , we can estimate the transferred hyperfinethe on-site hyperfine coupling constality — 4% =144
coupling constanB" to be 43.4 kOei . By inserting these kOelug, which are all comparable to those in Yf&a,04

constants into Eq(3), the right side is calculated to be 0.047, @and LaCuQ,, suggesting that the static character at the Cu
which almost reproduces the observed value ofSite was almost the same for most antiferromagnetic phases

(2057 [1.205,,72) /(83T [ 1.63,72)~0.077 for the supercon- Of high-T. cuprates. On the contrary, the character of the
ducting phase witi,=78 K, belonging to the slightly over- block layer and the dynamic character of the CuO planes in
doped regiort® This agreement indicates that hyperfine cou-T11212 were found to be quite different from those in
pling constants for the Cu site of TI1212 does not change’Ba;Cus0g and LaCuG.

much from the antiferromagnetic phase to the slightly over- The hyperfine coupling constant of the Tl sitd'=65

doped region. kOelug was much larger than the La site in JGuGO;,
Finally, we compare the CT;* of TI1212 with other
antiferromagnets YB&Zu;Og and LgCuO, to search the hid- 5.0 ,
den key parameter related %.. As shown in Fig. 5, the 2057,
significant difference in the magnitude of @y * among the 4.0 6-..'00..'-..
three systems suggests the difference in the dynamic charac- 7 b ° 00005.
ter of CuO planes for various systems. Since these three g 3.0 .0 %5560 T
systems have the comparable hyperfine coupling constants of I ¢
the Cu site, as was revealed in Sec. IV A, the difference in - 20 . 88MHz ]
Tl‘1 is directly related with that i/’ (q= Qg ,wg), Which is a :H 10t * © ®—ys-sintered
measure for the spectral weight of the spin fluctuation @f 3 N ."5°5’.O O—Ar—annealed
spins at the low energy &=%w,. Therefore, the smaller 0.0 L . . . .
T1! suggests that the center-of-mass in the spin-excitation 0.4
spectrum is shifted to the higher-energy region. Conse- s
quently, we can conclude that the characteristic spin- g 0.3 44 +DDD outs
fluctuation energy, usually denotédas I', of TI1212 is 2 02 eoaEEmen Tllul7MHz
higher than that of YB#u;O4 and LgCuQ,. Z - . rered
Theoretical arguments on the importance of the spin fluc- 5 0.1 DjAsr Sintere
. . . e —annealed
tuation with a rather high characteristic energy have been 0.0 . . . . .
repeatedly proposed. Monthaux and Pfiesd Moriya and 0 50 100 150 200 250 300
co-worker$® reported independently thak, for the spin- Temperature (K)
fluctuation-induced superconductivity is nearly proportional
to I'. This prediction was supported by Imiand later by FIG. 9. Temperature dependence of T,T) * and Tl Knight

Kitaoka?! with NMR for various highT, cuprates of the shift for the superconducting phase of TI1212. Open arrows indicate
superconducting phase. Kitaoka extractgq=0ar,wy)  Tc.
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AM=1.7 kOe}s; . This large value indicates the existence of layers, or in other words, the dynamic antiferromagnetic cor-
the supertransferred hyperfine interaction from the Cu site toelation between @ spins on adjacent planes. For 90 K class
the TI site. The relaxation rate of the Cu site was muchy-Ba-Cu-O, the interplane spin correlation is confined
smaller than that of YB#& ;0 and LgCuQy, indicating the  within a bilayer?* while for La,_,Sr,CuQ, (x=0.11), a sig-
weak 3 spin fluctuation in TI1212 system. nificant modulation along the axis is observed in the low-
The scaling behavior of Cli;* and TIT;* showed that energy inelastic neutron scattering, suggesting that this sys-
the nuclear-spin relaxation of both the Cu and Tl sites in thigem is magnetically three dimensiorfdMWe investigated the

system is driven by the Cud3spin fluctuation. The scaling inteplane spin correlation in TI1212 system with the follow-
factor was consistent with what was expected from the hying procedure.

perfine coupling constants, independently obtained by the "ot \e note the symmetrical location of the two copper
spectra analysis, which assures the validity of our analysis,; | .« ahove and below the Tl site. If the twd 3pins of
The temperature dependence of the relaxation rate was mu

. ~ Mese copper atoms correlate antiferromagnetically, the fluc-
weaker than is expected from the theory based on the two cf[Jating field produced by these spins must be canceled out at
three-magnon process.

the TI site. On the other hand, if the two spins fluctuate
incoherently, the fluctuating field resides at the Tl site and is
expected to contribute to the Tl nuclear relaxation. This issue
The authors are grateful to Professor M. Kataoka at TolS quite analogous to the case of the antiferromagnetic spin
hoku University for a kind and valuable discussion. A part ofcorrelation within the CuO plane. The antiferromagnetic spin
the experiments for this work was performed at the Highcprrelatlon does not affect the nuclear relaxatlon of the plane
Field Laboratory for Superconducting MateridlFLSM) at  Site oxygen because of the geometrical cancellation. The
IMR, Tohoku University. This work was supported by the contribution of _the_antlfe_rromagnetlc spin correlzitlon to the
Grant-in-Aid for Scientific Research from the Ministry of Nuclear relaxation is easily detected, becadsd] ~ shows
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APPENDIX: SPIN DYNAMICS IN THE The observed temperature dependence of the Tl nuclear
SUPERCONDUCTING PHASE OF TI1212 relaxation is shown in Fig. 9 with the Knight shiftA sig-

nificant decrease inTT) ! appears at the higher tempera-
In this appendix, we briefly state on the antiferromagneticture region, while the Knight shift stays constant. This shows
spin correlation between bilayers for the superconductinglear evidence for the contribution of the antiferromagnetic
phase of TI1212. So far, the existence of the two-spin fluctuation to the TI nuclear relaxation. Consequently,
dimensional intraplane antiferromagnetic spin correlation we can conclude that the antiferromagnetic spin correlation
has been confirmed by neutron and NMR experiments fors confined within an each bilayer, and hence that there does
most highd. cuprates. However, it is not self-evident not exist an antiferromagnetic correlation between two CuO
whether or not there exists the spin correlation between biplanes facing across the TIO layer.
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