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We report on®*Cu NMR spectral; andT,; measurements in single crystals of underdoped, three-
layered, HgBaC&Cuw;Og 5, With 7. = 115 K. We show clear evidence for the opening of a spin gap
below T* = 230 K, the highest temperature reported so far. Also, the characteristic energy of the spin
fluctuations is found to be higher than in YEBa,Oq.,; both features are presumably related to the
very highT. in this compound. BelowW™, 3T, has the same temperature dependence in the threg CuO
planes, which is difficult to explain within a pure interlayer spin pairing. [S0031-9007(96)00319-5]

PACS numbers: 74.25.Nf, 74.72.Jt, 76.60.—k

A comprehensive description of the magnetic properproposed by Pines and collaborators [15]. Following
ties of high7,. superconductors, particularly the different Millis and Monien [16], several authors have also sug-
behaviors observed in underdoped and overdoped congested that the transverse magnetic coupling within a
pounds [1], is considered a stringent test for any micro-CuO, bilayer plays a central role in the opening of the
scopic theoretical description of these materials. One a$pin gap [17].
the key features of the underdoped regime is the opening In this Letter, we present an investigation’®€u NMR
of a gap in the spin excitations (hereafter spin gap) at & underdoped HgB#&£a Cu;Og+5 (Hg-1223) single crys-
temperaturer* well aboveT,. First unambiguously seen tals, having aT. = 115 K. We show that a spin gap
in YBaCuwO;-5 (YBCO) by inelastic neutron scattering opens belowl'™ as high as 230 K, and that the charac-
(INS) [2], this gap corresponds to a progressive transfeteristic energy of the spin fluctuations is higher than in
of low frequency excitations aQar = (7 /a, w/a) to- underdoped YBCO. This is argued to be related to the
wards higher energies. The NMR fingerprint of the spinhigherT.. The T dependence of’; is the same for in-
gap is a decrease of tHéCu nuclear spin-lattice relax- ner and outer planes, which questions the pure interlayer
ation rate®*(7,)~' [3] without any reduction of the spin- spin-pairing picture.
spin relaxation rat€®*T->;)~! [4]. In underdoped YBCO Small single crystals of Hg-1223 were grown using a
and La-,Sr,CuQ, 5, the uniform spin susceptibility,  single-step synthesis as described in Ref. [18]. A mo-
[5,6], the resistivity [6,7], the Hall coefficient [6,7], and saic of 23 of them (total weight-1 mg), with common
the electronic specific heat [6,8] show systematic anomae axis, was made in order to increase the NMR signal.
lies below a characteristic temperatdig which is greater ac susceptibility measurementg,( = 1 Oe, applied|ab)
than bothT* andT,.. However, it is unclear if this orig- on this mosaic revealed a broad superconducting transition
inates from a loss of spin excitations @t= 0, or from  between 134 and 110 K. However, specific heat measure-
features in the density of states [9,10]. We note that ments on selected crystals showed that the Hulkvas
varies strongly with hole doping, [5—8] and is insen- within the range 113-116 K (see inset in Fig. 1), and so
sitive to Zn doping [11,12], whereaB* depends more the transition observed in the susceptibility or in the re-
weakly onny, but is depressed by Zn [12]. Clearly, a sistivity is presumably due only to surface inhomogene-
careful distinction has to be made between the behaviolisy. We emphasize that no sign of oxygen distribution
of the dynamic spin susceptibility gt= 0 andq = Qar.  could be detected from the NMR measurements since well-

Despite considerable theoretical and experimentaflefined lines and no distribution of the relaxation rates
work, a thorough understanding of the influencemgf  were observed. All experiments were carried out by stan-
and the number of CuOplanes per unit cell on the spin dard spin-echo pulse sequences in a field of 15 T. For
gap is still lacking. Early attempts to describe the phaséiy|lab, we identified the lines corresponding to the two
diagram as a function of, were based on the formation copper sites (Fig. 1): Cu(2) in the outer planes and Cu(1)
of a resonating valence bond state in the 20 (or inthe inner plane. FoHyl|c, the lines could not be sepa-
t-t'-J) model [13]. A quite different approach, basedrated. We found that the Cu(1) lines were much narrower
on a scaling analysis of the 2D quantum Heisenberdghan the Cu(2) ones, probably because the inner plane is
antiferromagnet (2DQHAF) phase diagram [14], has beemore distant from the Hg-O layer which is the source of

4238 0031-9007796/76(22)/4238(4)$10.00  © 1996 The American Physical Society



VOLUME 76, NUMBER 22 PHYSICAL REVIEW LETTERS 27 My 1996

_ g% 1 Wt (VI I
2 | Foat - SBCu(ir, -112) 12} .
S |& ° s 4 ¢ ® H,/loaxis
o) 00f N 1 ) L] é 11
8 9 100 110 120 130 cut) e Z
= T(K) 5 H, // (ab)plane:
o) o A Q@
£ €04l v am L4vV
- 8. AT v
.8 f ‘e v
O L o3t v
: T s
S | R o QK § o 0
D |° 144 146 02l a4
% ° . A 05
1 l—b (Teslla) 1 1 1 ..v
1472 1474 1476 1478 1480 14.82 01 . 00 7
H, (Tesla) 0 100 200 300
Temperature (K)

FIG. 1. Field sweeps of th&Cu(1) and%*Cu(2) lines: (¥2, ) i _ )
~1/2) (filled circles) and (32, 1/2) transitions (open circles). FIG. 2. ®*Cu magnetic hyperfine shift data. Inset: Spin part
Inset: Anomaly afl’,.,, = 113 K in the electronic part of the Of the MHS (triangles, right scale ##), and in-plane resistivity
specific heat, for one crystal from the mosaic (an approximatélivided by T (solid line, left scale inuQ cmK™') from
phonon background has been subtracted). Ref. [25].

_ _ - 0 = 5.3 X 1073 and4.4 X 107> emy/mole for the outer
most of th_e disorder in the structure. From the position Oénd inner planes, respectively, are close to that measured
the NMR.Ilnes vg((le)stlmated thé&Cu quadr%gggar coupling  for YBa,Cus O ¢ (6.0 X 105 emy/mole at 300 K [22]),
frequencies®v, * =9.7+0.1 MHz, ¥y, =137  and theT dependence is quite similar.
0.1 MHz. A test for theA andB values is the anisotropy df;:

Figure 2 presents the MHS (i.e., the line position 63,2 "
corrected for the quadrupolar shift) arising from a (W) = kBT—Z %{Fﬁb + Fﬁbc}M
T-dependent spin contributiork, = (A + 4B)y(q = 1/ c.ab 2usN “q L
0,0 = 0)/gup and from aT-independent orbital term where F. ., = A, 4 + 2B(C0gy, + c0s7,) and w;, is the
Kopv; A and B are the on-site and transferred hyperfineNMR frequency. Using a phenomenological form of the
coupling constants, respectively. The decreasekpf susceptibilityy”(g, w) = yar(q, w) [23,24], with the AF
below Ty, = 370 K is characteristic of underdoped sam- part approximated by a Gaussian (with a width equal to
ples [1]. Note that thel" dependence of’K, is nearly the correlation length¢/a), we find (for £/a >2) that
the same for the two nonequivalent sites, as found it®7,),, /(*T;);' =22+ 0.1, in remarkable agreement
TI,Ba,CaCuw;09-5 [19]. The shifts get slightly closer with experimentZ.17 = 0.10).
asT decreases (Fig. 2), and we can tentatively conclude The inset to Fig. 2 shows previously reported data
that the inner plane is slightly less doped than the outefor the in-plane resistivityp,, for single crystals with
ones. There rests some uncertainty, however, as thbe same bulkT. as those reported here [25]p.s
hyperfine coupling constants are not accurately known. deviates from linearity belowl, = 370 K, the same

To proceed with a more quantitative analysis, we astemperature at which we estimate thg starts to
sume that the hyperfine on-site tengodoes not change decrease. Furthermore, it is striking to observe the almost
significantly among the cuprates, so that the values foperfect scaling oK, andp.;/T, from T, down to a few
YBCO [20],A,» = 70 kOe andA, = —332 kOe, are ap- tens of a kelvin abové&,.
plicable to Hg-1223. This assumption is supported by In Fig. 3 we show th&" dependence of*T,T)~!, for
the fact that the orbital shifts measured hefe‘,’,ib = both sites andiy||lab along with preliminary data for the
0.19%, K°™® = 1.16%, are similar to those for YBCO nuclear spin-spin relaxation rat&7T,;)~'. For the latter
[20]. From the anisotropy o, we can then estimate that measurementsl, was||c as the spectrum was too broad
BC'@ = 136 kOe andB ") = 146 kOe (absolute values for Hollab, and so eacl®T,;)~' value is an average of
+15%). These values are much higher than for YBCOthe Cu(1l) and Cu(2) sites. However, in light of tHe&
(B = 83 kOe), revealing a stronger hybridization betweenand (37,)~! data, we do not expect a large difference
Cu and O orbitals. This might imply that the in-plane su-in the magnitude and th& dependence of®7,;)"!
perexchangd between copper spins should be higher infor the two Cu sites. This assumption has indeed been
Hg-1223. A possible reason for this is that Hg-based matesonfirmed in optimally doped Hg-1223, therefore justi-
rials have the flattest Cu(planes of all cuprates; i.e., the fying our analysis [26]. Whilg®7;T)~! increases with
Cu-O-Cu bond angles are the closesti89° [21]. The decreasing” and starts to drop &* =230 K, (3T,5)!
absolute values of, deduced fromK, at T = 350 K, continues increasing and eventually saturates below
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2 P 25 used mean-field dynamic spin susceptibilities for a nearly
g . 1 antiferromagnetic Fermi liquid (NAFL) in which the cor-
21t . + * —_— 120 relation length¢ varies as’~'/2 and the dynamic critical
E " + g exponentz = 2 (z relates the characteristic frequency of

P IR 5 ? 15 8 the spin fluctuationsvsg t0 &; wsk = £7%). This leads,

20 _‘50 ZQ?K) 250 i"i - g & for large values of, to a constant ratio for the quantity
9 CoAxTR I"!-m!. % iy T,T/(T»c)>. These models contain no parameters which
“» = 2% -z 110 =) can describe the spin gap state. Sokol and Pines [15] have
: 10l * A proposed that the transition between the underdoped and
R * ; 8353%”525&'2223 1° the overdoped regime corresponds to the crossover from
{ o the quantum critical regime (QC) of the 2DQHAF, with

ol .+ . . . L 0 z = 1, to a NAFL. In the QC regime, the ratib, T/ T»¢

0 100 200 300

should be constant.

All the above descriptions share the same problem in
FIG. 3. Nuclear spin-lattice relaxation rate divided by temper-that they postulate & dependence of the correlation
gitt‘é';e(:gé%; rTjif;S;rreSd I:’;";”{ﬁ ”feliaff:;titgﬁ ,(ngél) )Elr}d n?ggz) length and require rather large valuesofn contradiction
sured withHp|lc. The do?ted I‘ijnes are guides toztﬁe e’ye. Inset:W'th the inelastic neutron sca.tterlng reS.uIts for YBCO
The quantity®(T,T/Tag) Vs temperature. [2]. We therefore use a numerical analysis where we can

fully investigate the effect of differenf/a values [31].
Neglecting the quasiparticle contribution:
~200 K.  The combination of these two behaviors k6372 yl (£Aq)
demonstrates unambiguously the opening of a spin  (7,7)! :# XQur Z |F. ()2 £Aq ’
gap [27]. 2upN sk G h(£Aq)

The first remarkable point is that the decreas@of’) ' 5 069ys
occurs at a temperature much higher than in all other (Tag)e ™ = 8h274NXQAF
systems studied so far (typicall20 = T* =< 165 K), sug- ¢
gesting that the higheF,. at optimal doping in Hg-1223 X {Z g2 (EAQ)|F (g)]*

(T ~ 160 K under pressure [28]) is related to the higher q

Temperature (K)

T*. Indeed, the ratid™/T™* is approximately the same , T
as in YBCO, which clearly favors superconductivity medi- - [Z g(£Aq)|F.(q)l } } ’
ated by spin fluctuations. Until now, the only compounds 4
in which Ty, T*, andT.. were so well separated belonged towhere Aq = Qsr — q, the functionsg andz contain the
the low doping regime of YBCO. Thus our findings pro- q dependence of’ and wsg, andg(0) = h(0) = 1. For
vide a new element in the spin gap phenomenology, whickimplicity, we takeg = 1/h to be Gaussians. For a given
puts constraints on theoretical descriptions of the cuprategair of experimental values ¢, 7)~!' and (T»g) !, we
A relationship betweel™* and 7¥* finds natural basis can then computevsg and X(/IAF as a function of¢/a.
in the resonating valence bond [13] and quantum disordéWe find thatwsg = f(£)T1T /T, with £f(£) slowly in-
[15] models. However, data in more strongly underdopedreasing with¢ in the rangel = £/a = 2, and reaching
samples are needed to discriminate between these two spia-constant value faf /a = 2. We conclude therefore that
liquid pictures. if T\T /T, is T independent whil& varies withT, then
Secondly, this first clear observation of a spin gap in awsg * ¢! (i.e., thez = 1 regime) even for£/a as low
three-layered compound does not seem to be in favor of as 2. Experimentally we see that the rafid” /T, (inset
pureinterlayer spin pairing, since in that case one expectfig. 3), seems to become constant above 250 K, as ex-
a faster decrease oI, T)"! for the inner plane. Indeed, pected in the QC regime of a doped 2DQHAF [15].
extending to three layers the simple RPA calculation of Within a model of spin fluctuation induced pairing,
CuG, planes coupled by a weak, [29], we found that Monthoux and Pines [32] found that, for the NAFL case,
the dynamic susceptibility should be different in the inner7. is determined by an expression analogous to the usual
and outer layers, in contradiction with our experimentalBCS one with the Debye energy replaced by the product
result. However, we cannot rule out that is strong £?wsr (i.e., the range of energy in which the pairing
enough to ensure a common spin temperature in the threeteraction is effective). By analogy, in the QC regime,
planes, thus more detailed calculations for a three-layereithe relevant energy scale is likely to Hesg = £ wsk.
system are desirable. Note that our results do not excludés discussed above, this quantity is experimentally well
the possibility that/, is primarily important to stabilize defined even if is not known; we calculate that for Hg-
the spin-gap state. 1223 OQsg =95 meV and for YBaCuw;Og 63 [33] Qsk =
There are several possible approaches in the descriptioth meV. It is clearly seen that the magnetic energy
of the relaxation rate data. Several authors [23,30] havecale (s is higher for the Hg compound, although the
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magnitude and theg dependence of the uniform spin

susceptibility are quite comparable. Note that the analysis

of our data within the framework of Ref. [15] leads to
the same conclusiong)gg =77 meV for Hg-1223, and
64 meV for YBaCuwOg¢3), and to a value o€ /a =3.5

at 370 K.

In conclusion, we have demonstrated by NMR relax-

ation rate measurements the opening of a spin ggp-at
Qar at a temperaturd™ = 230 K in underdoped single
crystals of HgBaCaCuw;Og4 5. The Cu sites in inner and
outer planes present the saffiglependence df’;, which
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