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NMR Evidence for ad-Wave Normal-State Pseudogap
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NMR data from high?, superconducting cuprates having widely differ&ptax values and different
hole concentrations,, are shown to implicate @-wave-like pseudogap. The deduced pseudogap en-
ergies agree well with the gap in the charge excitations determined from photoemission measurements,
and the gap energies scale withmax. The pseudogap and superconducting gap thus have the same
energy scale and for different cuprates have a universéépendence. [S0031-9007(96)02205-3]

PACS numbers: 74.25.Nf

Recent angle-resolved photoemission spectroscopy The appearance of a normal-state gap can be seen
(ARPES) measurements [1] on underdoped,SB- in the NMR shifts plotted in Figs. 1, 2, and 3 for
CaCy0Og, s indicated the presence of a gap in the chargHgBa&CuQ,+5, ThLhBaCaCuyOg_s (Ref. [13]), and
excitation spectrum existing abo¥g. This confirms the YBa,Cu,0Og (Ref. [14]). At optimal hole concentration
normal-state pseudogap inferred from Knight shift [2],these have maximunT,. values of 96 K, 110 K, and
heat capacity [3], infrared [4], and transport [5,6] data on93 K, respectively. The decreasing NMR shift with
YBa,Cu;0;,-_5. Although its origin is not understood, the decreasing temperature is unexpected for a metal and is
pseudogap is intimately linked with superconductivity: attributed to the existence of a pseudogap in the normal
It is generic to the cuprates, its magnitude decreasestate. For example, the Fermi contact interaction from
with increasing hole concentration [3,5,7] while, at thes-state hyperfine coupling in metals leads to a Knight
same time[T, rises, and the pseudogap scales With.x  shift that is proportional to the static spin susceptibility
(Ref. [8]). Any theory for the superconducting cuprates[19], xs, and because the Pauli spin susceptibility is
will need to account for the pseudogap. In the nearlyproportional to the density of states at the Fermi level,
antiferromagnetic Fermi-liquid phenomenological theoryN(Er), the Knight shift should be proportional 16(Ef).
it is assumed that a gap exists only in the imaginary parEor a metal with a constant density of states near the
of the dynamic susceptibility at the antiferromagneticFermi level the resultant NMR shift is temperature
wave vector,q = (7, 7) [9]. This is inconsistent with independent.
the ARPES experimental data, where a gap is found in We modeled the NMR data in Figs. 1, 2, and 3
the charge excitations [1]. Lorast al. [7] have recently by noting that previous NMR measurements have
shown that the heat capacity and magnetic susceptibility
above T. can be analyzed in terms of a normal-state
pseudogap havind-wave symmetry. They also showed, 1500 e
using Wilson’s ratio (Se1/xsT), that spin and charge -
excitations make comparable contributions to the entropy,
and hence there is no separate spin gap. The recent
ARPES measurements now confirm this picture: Like
the superconducting gap [10-12], the normal-state gap
probably hasi,. > symmetry [1].

In this paper we analyze NMR data fromy¥Ca,-
BaCuw;0,-5 (Ref. [8]), La-,Sr,CaCuOq (Ref. [8]),
Y09Ca1BaC07-5, HYBaCuOyis, ThBaCaCuy-
Os—s (Ref. [13]), YBaCu,Og (Ref. [14]), YBaCu;O;—5
(Refs. [15,16]), and HgB&LaCuwOg-5 (Ref. [17]) in
both thed-wave ands-wave normal-state gap scenarios. 1) N P ——— -
We show that ad-wave-like pseudogap can describe 0 100 200 300 400
both the superconducting and normal-state Knight shifts, Temperature [K]
consistent with the above-noted heat capacity, suscepti- _
bility, and ARPES measurements. The preparation anfi!G: 1. The temperature dependence of #® NMR shift

. . or HgBaCuQ,+5. The solid line is a fit to the data assuming
experimental details of théY NMR measurements on d-wave superconducting and normal-state gaps, while the dot-
Y09Ca,1BaCu;0;-5 and the’O NMR measurements ted line is a fit to the data assuming/avave superconducting
on HgBaCuQy s are presented elsewhere [8,18]. gap and an-wave normal state gap.
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the density of states ang(E) is the Fermi function.
4000 ; : The effect of antiferromagnetic correlations experimen-
tally observed in neutron scattering experiments [23]
is accounted for in a mean-field approach leading to a
static spin susceptibilityy; = x;/(1 — Ax;), where A
is related to the spin-spin exchange energy. We have
previously fitted temperature-dependent Knight shift
data assuming a simple step-function density of states
[2]. Here, the density of states is derived frawiE) =
[ 8(E — E(k))dk?/27? in a manner similar to Loram
et al. [24] by writing the quasiparticle energies Bfk) =
[e(k)* + Ar(k)?]"?, where Ar(k)? = A(k)? + E,(k)?
: with A(k) being the superconducting gap ari}(k)
100 200 300 being the normal-state gap. The experimental values [25]
Temperature (K) for 2A/kpT. max @t zero Kelvin range from 6 to 9 and
X . are greater than expected from the weak-coupling BCS
FIG. 2. The temperature dependence ?8iTI(2) NMR shift theory where2A /ksT, max = 3.53 for s-wave symmetry

for Tl,BaCaCuyO;s_5 with (a) 7. = 99 K and (b)7. = 85 K
(Ref. [13]). The2®TI(2) resonance originates froRi°Tl which  [22] and 4.28 ford-wave symmetry [26] of the supercon-

has partially substituted from the site between the Cpi@nes.  ducting gap. Consequently, strong-coupling calculations
In both casef\7(0)/ksT.max is taken as 4. The solid line and are more appropriate for the cuprates. However, as the
dotted lines are as in Fig. 1. functional form of A(T) is similar for strong and weak

coupling theories [27], we use the BCS temperature

shown that the®3Cu, 170, 8 (Ref. [20]), and 2°°TI dependence. of A(T) to model thg NMR data.
(Ref. [13]) NMR shifts are all proportional to the We start with the BCS gap equation [22}(k) =
static susceptibility. From the Mila-Rice Hamilton- — 2k V(K. K)AK)[1 = 2f(IE(k))]/2E(IK']) and use
ian [21] it can be shown that the NMR shifts can E¢(k) = E; for —an s-wave pseudogap and
be expressed ak, = Y, A;x,/gus + o where 4, Eg(k).= E,(c0920)) for a d-wave pseudogap. Recent
are the hyperfine coupling constantg, is the static &xperiments have shown that the superconductmg gap
spin susceptibility,g is the electrong factor, up the Nas d-wave symmetry [10-12], thus we model it as
Bohr magneton, andr is the temperature-independent A(k) = A(cod26)). The resultantA7/A7(0) is plotted
chemical shift. The Pauli spin susceptibility is obtainedin the inset of Fig. 3 for both the-wave andd-wave
from perturbation theory [22] and can be expressed agiodels for various values of,/A7(0). It can be seen

Ys = s |- N(E)[—af(E)/9E)dE, where N(E) is thatthere is no significant difference in the curvéSCu
‘ - NMR Knight shift measurements [28] on YBaWO; s,

where E, is less thanT., have shown that the data
0.15 ———————— below T, can be fitted to a/-wave superconducting gap
with 2A(0)/kpT.max = 8. Moreover, electronic heat
capacity [24], infrared reflectivity [29], and Raman [30]
and ARPES [1] studies all show that;(0) remains
independent of hole concentratiasross the underdoped
region. Consequently, we usAr7(0) = 4kpT, max to fit
all of the NMR data. The density of states is obtained
by assuming a 2D cylindrical hole Fermi surface, where
e(k) is taken as(k) = (h/2m7)*k?/2m*.
The effect of pseudogap symmetry BiGE) can be seen
] in Fig. 4, where in (a) we plav(E) for a d-wave pseudo-
T/TeMax gap and in (b)V(E) is plotted for ans-wave pseudogap.
0o 'l(l)o' — ‘2(')0 300 A d-wave superconducting gap arbwave pseudogap
result in a linearV(E) about the chemical potential both
Temperature (K) above and below ., while ad-wave superconducting gap
FIG. 3. The temperature dependence of ##®@ NMR shit ~and as-wave pseudogap lead f(E) being zero up to
from the Q oxygen in the Cu@plane withH parallel to the E, both above and below.. It can be seen in Figs. 1,
c axis for YBaCwOs with 7. = 81 K (Ref. [14]). The solid 2 and 3 that ai-wave normal-state pseudogap gives a
line and dotted lines are as in Fig. 1. Inset: the temperaturgatter fit (solid curves) to the data than thevave fits

dependence of the total scaled by the total gap at . .
T g 0, A7(0). The solid cguare(Ta is thei-wgve BCS soI%ti?)n, (dashed curves) both abov (Fig. 1) and especially

and the dotted curve is thewave solution. The dashed lines below 7. (Figs. 2 and 3). The linear NMR shift at low
indicate the normal-state gap. temperatures is consistent with the lin@é&(E) expected

722

205T] NMR Shift (ppm) 2°°TI NMR Shift (ppm)

(=]

0.10

0.05

17K2,c %)

0.00 -

‘0.0 0.5 1.0

-0.05




VOLUME 78, NUMBER 4 PHYSICAL REVIEW LETTERS 27 ANUARY 1997

2 7 { T T T
4 ?- % \x
g 3t E:, 6r §6 N b
i 3 &
@ 2 b sk £’ E
Z [ 8070102 03 04]
1 i [ P
Saf —gR------ ]
0 Ho L \
at 3f
= A0)=4kg T oy
Z i oo a 2| ]
~ 2l : l‘ Tc(P)/rc,Max
= A 0 /
z 1 Tt 1+ ]
0 1 1 \ 1

. . o
¢ 1 2 3 0.05 0.10 0.15 0.20 0.25 0.30

E/AL(0) p

FIG. 4. Plot of theN(E) against energy for (a) a@-wave FIG.5. The hole concentration dependence of the normal-
normal-state gap and @&wave superconducting gap, and (b) state pseudogap energg,, scaled bykzT max. E, values
a s-wave normal-state gap anddawave superconducting gap. were obtained by fiting the NMR data from(O)
The density of states is scaled B, = m*/mw(h/27)?, and  Y0sCa&:BaCwO;-5s (Ref. [8]), (O) La,,Sr,.CaCuOg
the energy is scaled by the total gap7at= 0, A;(0). The (Ref.[8]), (A) Y(9C& BaCw0;_5, (X) HgBaCuQ.s,
values of T /T, max are O (solid line), 0.5 (dashed line), and 1 (O) Tl,BaCaCuyOs-5 (Ref. [13]),(A) YBa,Cu,Os (Ref. [14]),
(dotted line). (V) YBa,Cws07-5 (Refs. [15,16]), and+) HgBaCaCw;Og_5
(Ref. [17]) to thed-wave model described in the text. Also in-

. . L . cluded isk, from ARPES measurements on,Bi,CaCuyOs.
for a d-wave superconducting gap in combination with a(@). The solid curve is a polynomial fit to the data.

d-wave normal-state gap. Inset: values ofl"*/T.max determined from(O) susceptibility

Fitting the data abov&, to ans-wave pseudogap gives [5], and (X) thermoelectric power [36] measurements on
E, values of up to 330 K, and hence it would be expecte a_,Sr,CuQ,. The solid curve reproduces the polynomial fit
that such a superconductor should be semiconductiné) s/ kpTcmax
above T. with the resistivity decreasing exponentially
with increasing temperature due to thermal excitation otions were estimated from the relatidi /T max = 1 —
carriers across the gap. However, this is not what i82.6(p — 0.16) [2]. The E,/kgT.max Values obtained
observed [31,32]. For optimally doped cuprates, whigre from ARPES measurements are consistent with those de-
is comparable td’., the resistivity increases linearly with termined from NMR measurements, indicating that the
temperature. By contrast, in the underdoped compoundsap measured from NMR data is a gap in the charge exci-
the resistivity is linear near room temperature and remaingations and not due to a distinct gap in the spin excitations.
so until below a certain temperature [80 K for YBa,- Batlogg and coauthors [5] have examined the tem-
Cu,Og (Ref. [32])] where there appears a deviation toperature dependence of the magnetic susceptibility, Hall
lower resistivities originally attributed to the opening of coefficient, and resistivity as a function of doping and
a “spin gap” [32]. determine a crossover temperatuf€, which they as-

In Fig. 5 we plot the normal-state pseudogap energwociate with the opening of the pseudogap. In order to
obtained by fitting the ¥3Ca,BaCw0O;-5 (Ref. [8]), compare theil™ with our E, values we note that, if the
Lay,—,Sr.,CaCuyOg (Ref. [8]), Yo9oCa 1BaCusO;-5, Hg-  criterion they used to determing* from the suscepti-
BaCuOy+s, Tl,BaaCaCuyOs—s (Ref. [13]), YBaCu,Og  bility is applied to thed-wave model fory,, we find
(Ref. [14]), YBaCwO;-s (Refs. [15,16]), and HgBa  E,/kz ~ 0.4T*. We have taken their data and show in
CaCuw0s-5 (Ref. [17]) Knight shift data to thel-wave the inset in Fig. 5 tha0.4T*/T. max (circles) is compar-
normal-state pseudogap model. The pseudogap energiable to our fittedE, /kzT, max values. Cooper and Loram
are scaled byl max. For all except La-,Sr,CaCuyOg, [34] have carried out a similar scaling analysis on the ther-
the hole concentrationp, was estimated from the re- moelectric powerS(T), for La,—,Sr,CuQ, and have de-
lation T./Temax = 1 — 82.6(p — 0.16)* that has been terminedT* values for different values gf = x. These
found to approximate many of the high-superconduct- 7 values are plotted in the inset in Fig. 5 B5/T, max
ing cuprates [33]. For La,Sr,CaCuyOg, p was taken On the underdoped side there is a close correspondence
asx/2, which is in fact close to the value estimated frombetween theirT* values (shown as crosses) and @yr
this relation [8]. It can be seen thAt ~ kzT. max Close  values which underscores the associatiorf ofwith the
to optimal doping(p ~ 0.16) while E, exceedsA(0) for  energy scale of the normal-state pseudogap. The fact that
p <0.11. T* is nonzero in the overdoped region and becomes inde-

We also show in Fig. 5 the pseudogap energies obpendent of hole concentration does not necessarily mean
tained from ARPES measurements on®yCaCuyOsg. s that the pseudogap persists over the entire overdoped re-
(filled circles [1]), where, again, the hole concentra-gion. Indeed, our NMR data suggest that it does not. |If
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E, = 0, S(T) still must exhibit a peak, and therefore an ap-note the strong similarity of the phase behavior shown in
parent finiteT*, because is thermodynamically required Fig. 5 to that of a charge density wave competing with
to be zero al" = 0. superconductivity [36].

Several important conclusions may be drawn for the We thank Dr. J. W. Loram, Cambridge University, for
above results. (i) The present analysis suggests®that making his results [7] available prior to publication.
is not a temperature at which the normal-state pseudogafye also thank Professor N.W. Ashcroft for helpful
opens but is the energy scale for the gap. (ii) The similadiscussions.
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