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Spin-gap behavior in underdoped TISr,(Lu ¢ /a3 Cu,0,: **Cu and 2°°TI NMR studies
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Measurements of the Knight shift 6fCu and the nuclear spin-lattice relaxation rate®®l, 20%1/T,),
have revealed that TIS{Lu, /Cag 3 Cu,0, with T, = 40 K consisting of the bi-Cu@layer without the CuO
chain is in the underdoped regime with the spin pseudogap, which is evidenced by the significant decrease of
2051/T,T) below 120 K far abovd; and the decrease of tH&Cu spin Knight shift upon cooling. Although
the disorder is introduced into the adjacent Ca layers to the,(ui@he by the substitution of Lu for Ca sites,
the spin-gap behavior is presented not to be masked. From this result, it is suggested that the absence of the
spin-gap behavior in La ,Sr,CuQ, is neither due to the disorder introduced into the adjacent LaO layers to
the CuQ, plane by the substitution of Sr for La sites nor the absence of the CuO chain.
[S0163-182696)05629-9

The normal state of higfi;, cuprates is unusual, exhibit- bility upon cooling, which is another signature of the spin-
ing the T-linear resistivity and the anomalodsdependence gap behavior, because of the dominance of Thadepen-
of the Hall coefficient, eté.In particular, the magnetic prop- dent chemical shift. As a matter of fact, from the
erties in underdoped YB&usOg,, (YBCOg,,) (Refs. 2  invariance of the®*Cu Knight shift aboveT in TI2201 and
and 3 and YBa,Cu,Og (Y124) (Ref. 4 with the pyramidal  T11212 compounds, such shallow peak BR(1/T,T) was
bi-CuO, layer are outstanding where the spin susceptibility SUSPected to do nothing with the spin-gap behavior, instead,
x<(T), decreases commonly upon cooling and the nucleaWe_Se systems were characterized to belong to the_ overdoped
spin-lattice relaxation rate of*Cu divided by the tempera- €gime. By contrast, both results of the Knight shift and
ture, 8%(L/T,T), has a broad peak far aboVe. These mag- of_ %Cu in TI222.3 were compatible with the presence of the
netic anomalies, the so-called spin-gap behavior, have a§£gégda$ob§:?1\g?; Fgggerggree%otﬁﬁ?aye'\ﬂs V'Elr?es nswl;g-netic
tracted a great interest, since it suggests a possible formatich o 9 | probe | 9 .g”
of the spin singlet far abovd,. Initiated by the RVB properties in the Cug plane, since Tl atoms are partially

icture® it d that th ductivit Id replaced into the Ca layers, which makes a situation compli-
picture, 1L was argue at the superconductivity would cateq. Apparently, it is not fully established yet in TI com-

occur in the non-Fermi liquid state. In contrast to abovepounds with the same bilayer as in Y-based compounds but

compounds, it was shown from the nuclear relaxdtion o cuo chain whether the spin-gap behavior is in the same
and the inelastic neutron scattering measurenetiat category as in Y-based compounds or not.

La,_,Sr,CuQ, (LSCO) with a smaller hole content did not In a series of TIS§(Lu, _,Ca,)Cu,0, compounds T =
exhibit any significant signature of the similar spin gap be-go— 0 K) with the pyramidal bilayer without the CuO chain,
havior. In YBCOs.,, although the disorder is introduced an overdoped regime is realized by reducing the oxygen con-
into the CuO chain associated with the variation of the oxy+tent, while an underdoped regime by the substitution of Lu
gen content, such effect takes place away from the LCuOatoms for the Ca layers sandwiched by the bilayer. In three
plane. By contrast, in LSCO, the disorder is introduced intooverdoped compounds with.=70 K, 52 K, and 10 K, the
the adjacent LaO layers to the Cy@lane by the substitu- Knight shift wasT invariant, wherea$3(1/T,T) had a shal-
tion of Sr for La sites. This may give a hint for the contrast- low peak just abovd ., followed by the Curie-Weiss law,

ing behavior in the magnetic excitation among LSCO andwhich are analogous to the behavior in Y&u30-.
underdoped YBC@,,. Alternatively, a difference of the In this paper, from the combined measurements of
number of the Cu@plane may also be a possible reason forthe Knight shift of ®Cu and 1T; of 2Tl in

the contrasting magnetic excitations. TISry(Lug Cay a Cw,O, (Lu-doped TI1212 with T,=40 K,

In Tl-based compounds such as,BR,CuOg. 5 (TI2201)  we report first unambiguous evidences of the spin-gap be-
(Ref. 8 with a single CuQ layer, Tl,Ba,CaCu,0O5_5 havior in a Tl-based compound with a bilayer but no CuO
(TI2212 (Ref. 9 and TISL,CaCu,0,_ 5 (T11212) (Ref. 10 chain. A cause for the absence of the spin-gap behavior in
with double CuQ layers and T}Ba,Ca,Cuz04q (T12223 LSCO is suspected to be due to the disorder introduced into
(Ref. 11 with triple CuO, layers, the shallow peak of the adjacent LaO layers to the Cu@lane. Motivated also
2051/T,T) was observed abovE,. It might be then argued by this, the present system where the disorder is introduced
to be associated with the spin-gap behavior. However, theto the adjacent Ca layers to the Cu@lane allows us to
T dependence of th&’°TI Knight shift could not give a firm  gain an insight into a relevance of the disorder effect to the
and reliable evidence for the decrease of the spin suscepspin-gap behavior.
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The TISK(Lug Cag 3 Cu,0, polycrystalline sample was

prepared by the conventional solid-state reaction method and T T T T o
confirmed to be of almost single phase by the powder x-ray 1.5F TISro(LuyxCa)Cuz0y [ 03 17
diffraction described elsewhetéThe pellet was pulverized o x=1.0 R0.5]-Te=40K (L) 1
into grains with size smaller than 20m in diameter for the : Te=70KH) o |

NMR measurementl, was determined to be 40 K from the e x=0.3 804 ]
temperature where the diamagnetic signal appeared in the dc [ Te=40KL) S
susceptibility. The NMR measurements were performed in a S o YBCOg g3 18 14 15 16
phase-coherent laboratory-built pulsed spectrometer by use g @0 00000 0(;0:5";%'"3';0;)
of a superconducting magnét2 T at 4.2 K. The NMR 2 S °9
spectrum was obtained using a boxcar integrator with sweep- p

ing the magnetic field. The nuclear spin-lattice relaxation 0.51 2 WDeeT eTeele v
rate, 17, , was measured by the saturation recovery method. oo°g ge?* o

The Knight shift and 1I¥; measurements for®Cu ooV ¢

(3yn/2m = 1.1285 MHz/kO¢ and 2°°TI (2%5y/27 =

2.4567 MHz/kOé& were made af = 125.1 and 211.1 MHz, N R T T
respectively, in aT range 4.2-300 K. Unfortunately, the 0 1°°T ” 200

powder sample was not aligned. So, the Knight shift perpen-
dicular to thec axis, 3, , was determined from the peak of

0 = 90° to thec axis of the powder pattern, whereas thatdicular to thec axis for underdoped TIS{Lug /Cap J Cus0, with

- 63 .
par\;VaILeelr:ciffzegx?é(:il’;\I rﬁll';l,gﬁv:t?cr:‘?etlgletﬁsr?er;gghdicular to T,=40 K (@), together with the results for overdoped
the ¢ axis, the observed shift consists of the Knight shift,TlS-rz-CaCLtOHs with Te=70 K (O) (Ref. 10 aggl oygen-
K q th d-ord q e shift 4 th deficient YBa,Cu;04 63 (0J) (Ref. 16. Inset indicates”K | vs the
1. and ne second-order quadrupole sl and e - pyic susceptibility,x, plots for TISt(LugCaga Cu0, .
quadrupole frequency;,, of **Cu can be expressed for the

FIG. 1. T dependence of th€*Cu Knight shift, 53, , perpen-

central transition(1/2 < —1/2) as follows31* expressed by Eq3) from the slope oK, (T) vs x(T) plot,
A, +4B is estimated to be- 190 kOeLyg. If the on-site

®— YNHyes 31/5 hyperfine field is assumed to be the same as that of other
yNTreS:KNL 16(1+ K, ) (ynH ed?’ (1) underdoped compoundsA(~ 37 kOefg),2° B is ob-

tained as~ 40 kOejg, which is nearly equal to those val-

whereH . is the resonance fieldyy the nuclear gyromag- ues for LSCO?* YBCOq.,,'® and Y124%? respectively,
netic ratio, andw the NMR frequency, respectively. From a suggesting that the almost invarig®t- 40 kOefsg is char-
slope of @—ynHred/(¥nH red VS (¥nHred ~2 plots ob-  acteristic for the underdoped high- cuprates regardless of
tained from thew dependence dfi s, v is estimated to be the number of the Cu@layers and their different oxygen
~ 19.0 MHz. This value is smaller than those in the over-configuration.
doped compound®1-26 MH2) (Ref. 10 and other under- By contrast,?°K dominated by the large chemical shift
doped compoundé30—-40 MH2)."* K, is determined from has exhibited only a small variation from 0:28.01% at 40
an extrapolation to zero ofyyH,d ~? for the same plots. K to 0.27+0.01% at 250 K, pointing to very weak super-
Thus obtained dependence of*K is displayed in Fig. 1 transferred hyperfine coupling with the Cy@lane via the
for the Lu-doped TI1212 compound with, = 40 K together  apical oxygen. Thus, th&"TI Knight shift is not enough to
with the results for the overdoped TI1212 with = 70 K extract any precise magnetic properties in the present com-
(Ref. 10 and the underdoped YBGCQ,.® For the over- pound.
doped TI1212 8K, is T invariant in the normal state, while  Figure 2 shows th& dependences of (I{T), for ®3Cu
83K, for the Lu-doped TI1212 decreases upon cooling, coand 2°Tl in the overdoped TI1212 witf, = 70 K. In the
inciding with the data for the underdoped YBGQ, com- inset in Fig. 2,%(1/T,), is plotted against®X(1/T,), with
pound. temperature as an implicit parameter. This scaling proves

The Knight shift, K(T), in high-T. cuprates consists of that T dependences of%(1/T;), coincides with that of
the T independent orbital par,, and theT dependent 29Y1/T,), regardless of rather weak hyperfine coupling be-

spin part,K(T), as tween TI nuclei and the Cd-spin polarization in the Cup
plane. The antiferromagneti@AF) spin correlation in the
Ka(T)=Kopa+KsolT)  (@=L,[). (20 cuo, plane is hence possible to be deduced from the relax-

ation behavior of?°*TI. In Lu-doped TI1212 compound, it
was difficult to measuré3(1/T,) accurately, since the pow-
der sample was not aligned and the NMR signhal was not
6% ¢ o(T) = (Ag+4B)xs(T) (a=L,]) (3y  strong enough to me%suFé(lfrl) accurately. Alternatively,
the T dependence of’Y(1/T,) was employed as a probe to
whereA, andB are the on-site and the supertransferred hy-unravel the nature of the spin correlation with the confirma-
perfine fields of%*Cu in the CuQ plane, respectively, and tion of the scaling betweef®X1/T;) and ®(1/T,) in over-
xs(T) is assumed to be isotropic. In the inset of Fig. 1,doped TI1212 with the same structure.
63K , is plotted againsk(T) reported previoush? with tem- In Fig. 3, a relaxation curve of 2%TI, R(t)
perature as an implicit parameter abdve Since K, is  =[M(®)—M(t)]/M(=), atT = 60 K andf = 211.1 MHz

According to the Mila-Rice modéf’ the ®3Cu spin Knight
shift, 83K, in the CuQ, plane is expressed as follows:
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FIG. 2. T dependences of (I{T), for ®3Cu (O) and 2°5TI
(@) in overdoped TISCaCw,0,_ s with T.=70 K. The inset in- 20 :
di_cgtesZOS(l/TlT)l vs “(L/T1T), plot with temperature as an im- T|SZI(GL'uO,7c;3)cUon urcliggre ?r?: Zifernalojnagnse(t?cfrfilzj of 1”1
plicit parameter. T. Solid (@) and open Q) circles indicate the short and the long

components ofY(1/T,T), respectively.

is plotted against the time, after saturation pulses in Lu-
doped TI1212. Since?®Tl has no quadrupole moment were presented there either to make sure the scaling with the
(1=1/2), the relaxation curve should be of single exponential®3*Cu relaxation behavior or the decreasing behavior of the
type. As seen in the figure, the data were, however, not fittedpin susceptibility upon cooling.
with a singleT,; component. This is because the disorder is Figure 5 shows thél dependences of®(1/T;T) in a
introduced into the Cu@plane by the substitution of Bt series of the TI1212 compounds covering from an under- to
for Ca®" sites to control the hole content. Figure 4 shows theoverdoped region. As seen in the figuf8(1/T,T) for Lu-
T dependences of°Y1/T,T), where solid @) and open doped TI1212 compounds exhibit an appreciable decrease far
(O) circles indicate the short and the long componentaboveT,, i.e., the spin-gap behavior in contrast to a gradual
2051/T,T)g and 2°X /T, T), , which is tentatively extracted increase of I, T close toT, for the overdoped compounds.
from afit(solid lines in Fig. 3 to the data oR(t) largerthan  The spin-gap behavior is thus reproducible for the under-
0.5 and smaller than 0.1, respectively. A remarkable featurdoped compounds with the Cyilayer, neither affected by
is that both 2°%1/T,T)g and 2°%1/T,T), exhibit a broad the disorder introduced into the €ai) layers controlling the
peak around™ ~ 120 K far abovel .=40 K, confirming the  hole content nor the absence of the CuO chain. This result
spin-gap behavior similar to the underdoped YB£Q  suggests that the lack of the spin-gap behavior in LSCO is
(Refs. 2 and Band Y124* It is noteworthy that?®(1/T,T)  neither due to the disorder in [Br)O layer nor the absence
reveals a Curie-Weiss-like behavior abol&, demonstrat-
ing the presence of the AF spin fluctuation as well. These

characteristic behaviors AX1/T,T) are considered to re- P——1 7T
flect those for ®3(1/T,T). Although the shallow peak of TISra(Luq-xCay)Cuz0y
201/T,T) aboveT, was already reported in TI2212 com- I x=0.3 %=1.0
pounds with the pyramidal bilay@mo data on®3Cu NMR | e Te=40K (L) o Te=70K (H)
x=0.4 o 10K (H)
T » To=50K (L)
%%
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FIG. 3. NMR relaxation curve of2%TIl, R(t)=[M(x)
—M(t)]/M(), plotted against the timet, after the saturation FIG. 5. T dependences ¢P1/T,T) in a series of TI1212 com-
pulses in TISg(LugCay3g)Cu,Oy at T = 60 K andf = 211.1  pounds covering from the under- to overdoped region. The solid
MHz. and dashed lines are a guide to the eyes.
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of the CuO chain. In this sense, the spin-gap behavior mather masked by the disorder in the adjacent layers to the
be associated with the bilayer exchange coupling along th€uO, plane nor the absence of the CuO chain. By contrast,
the decrease of the spin susceptibility upon cooling is rather

c axis, as argued by several authtt$?

3073

In summary, ®Cu and ?®°TI NMR measurements have universal regardless of the number of Cu@yers and the

been carried out in the underdoped Bl&u, Ca, 3) CU,0,
(T.=40 K) consisting of the pyramidal bilayer. Th&Cu

Knight shift, ), (T), perpendicular to the axis decreases T_ could be absent in the LSCO systems composed of the

oxygen coordination. In this context, it is suggested that such

a spin-gap behavior that /T begins to decrease far above

upon cooling as in the underdoped compounds such a§ingle CuG layer.

La, ,Sr,CuQ,, YBa,Cu;04.,, and YBaCu,Og. From

the remarkable result th&P1/T,T), which has verified to
scale to the relaxation behavior 8f(1/T,T), has a broad
peak around’* ~ 120 K far aboveT, the spin-gap behav-
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