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The uniform spin susceptibilityy,, is determined from the Gd high frequency ESR Knight shift
in the underdoped high temperature superconductor, GACB®; (7. = 82 K) between 8 to 260 K.
Measurements at two fields (5.4 and 8.1 T) permit high precision at low temperatures. In the range of
0.17. t0 0.4T., a linear temperature dependenceypfis observed with a large slope. The corresponding
maximumd-wave superconducting gap4ds = 190 K, 1.1 times the weakly coupletiwave limit. The
results support suggestions that the normal state gap observed below 180 K and the superconducting
gap belowT,. have nodes with the same symmetry. [S0031-9007(97)04224-5]

PACS numbers: 74.25.Nf, 74.25.Ha, 74.72.Bk

Recently there is growing evidence fdhwave symme- We present high precision spin susceptibility data at the
try pairing [1,2] in high temperature superconductors. Theaare earth site of Gd doped YBauw,Og deduced from the
characteristic nodes in the superconducting gap lead to leigh frequency Gt" ESR Knight shift [13]. Gd" ESR
linear energy dependence of the density of states of nokKnight shift complement$>Cu [8] and "0 [14] NMR
mal excitations near the Fermi energy at zero temperatur&night shift measurements. (Hyperfine fields are too small
The first clear indications fod-wave pairing came from to measure th&Y NMR Knight shift reliably belowT.)
the linear temperature dependence at Toof the London  The simple Gé&" ESR spectrum permits a much higher
penetration depth [3] and NMR Knight shift [4] in high precision at low temperatures than NMR, and by combin-
purity YBaCu;O;. Recently thed-wave symmetry has ing data at two magnetic fields we can correct for diamag-
been confirmed by tunnel-junction interferometry [5] andnetic screening in the superconducting phase. We find a
Raman scattering [6]. One of the most intriguing openlinear temperature dependence of the spin susceptibility
guestions is the link between the anomalous normal stateom about0.47, to 0.17,, the lowest temperatures of the
and superconducting state properties. The “underdoped@resent study. The magnitude of the spin susceptibility
high T. superconductor, YB&£u,Og, studied in this paper and the slope of its temperature dependence are signifi-
has rather different normal state properties to “optimallycantly larger than previous estimates [15] based on the
doped” systems like YB&w;0;. Normal state transport %>Cu Knight shift [8].

[7], magnetic susceptibility [8], and specific heat [9] mea- The YBaCuwOg powder sample with 1% Y substituted
surements show that the density of states near the Fermi eby Gd was magnetically aligned in epoxy resin along the
ergy of both spin and charge excitations is already stronglg axis. Gd* ESR was measured at frequencieg2« of
reduced in underdoped systems at temperatures well abov&.0, 150.0, and 225.0 GHz (fields centered aroHne:

T.. In optimally doped systems abo#e there is no such 2.7, 5.4, and 8.1 T, respectively) with magnetic field along
anomaly in the density of states. One of the favored ideathe c axis. Results are consistent with previous 245 GHz
is that strong antiferromagnetic spin fluctuations in the undata [16] on the same sample. The frequency of the Gunn
derdoped systems [10] lead to a gap or a pseudogap tliode mm wave source is stabilized to a quartz oscillator
the density of states. Recent angle resolved photoemissiavith a precision ofl0~°. The absorption derivative with a
studies [11] suggest that the symmetry of the normal statemall admixture of dispersion is observed for the mm-wave
pseudogap in underdoped materials has the sameVe” radiation transmitted through an 8 mm diameter sample
character as the superconducting gap. A similar suggeéited into an oversized waveguide. No resonant cavity is
tion has been made earlier from the analysis of specificsed, and there is no “vortex noise” which usually inhibits
heat and magnetic susceptibility [12]. In this paper weESR studies belowW, in conventional spectrometers.
provide experimental support for this idea by showing that In Gd doped YBaCu;Og+, and YBaCwOg the ESR

in a well-ordered underdoped system the density of statdsnight shift arises from the weak exchange interaction of
has a linear energy dependence well befowvith a slope  electrons in the Culayers with the localized Gd ion.
which is comparable to that measured for optimally dopedrhe same interaction broadens the lines through spin lat-
systems with no normal state pseudogap. This can onliice relaxation [17]. The GUd shift has the same tem-
happen if the normal state gap is anisotropic with nodes gterature dependence as tfeY NMR Knight shift in
similar positions to those of the superconducting gap. the temperature range where both can be measured [16].
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The coupling constant is 10 times larger for’Gdhan for  to the exchange interaction between itinerant electrons
8y, and this allows the measurements to be extended tand localized G moments. A comparison [13,16]
low temperatures. Gd is a nearlys state/ = 1 ion. At of G#* ESR with Y NMR shows that%A is the

the high frequencies used, the spectrum consists of sevesame for Gd:YBagCu;Og4+, for all values of x and

fine structure lines: the central; — +x transition and for Gd:YBaCuwOs. We find®A = —15 (emy/mole) ™!

six satellite lines which are well resolved at low tempera-from the static susceptibility [12] of YB&Lu0; (2.7 X
tures. Crystal fields are weak compared to the Zeemah0 * emu/mole) and the Gd&" Knight shift [13] of
energy and are negligible for the central line. Figure 1Gd:YBaCu;O; (4050 ppm) in the normal state. To ob-
shows the central line and the nearest fine structure traain A, the core and Van Vleck contribution to the static
sitions at 30 K. These lines were fitted to Lorentzian ab-susceptibility was estimated [12] to b&#).4 X 10~* emy/
sorption derivatives with a small admixture of dispersionmole, and we usefk (0) = 620 ppm which is the value
derivatives in order to determine the position of the centrapbtained in the present measurements after making cor-
line. (The small admixture of dispersion arises from in-rections for demagnetizing effects.

terference of rf fields transmitted through the sample along The Gd™ shift (Fig. 2) shows the same temperature
different paths and from eddy current shielding.) The linedependence at high temperatures as reportetf @, 3)
position is at the maximum of the absorption. At higher[14], ®*Cu(2) [8], and®’Y [16]. Below T the raw shift data
temperatures the Korringa spin lattice relaxation broadendepend on the resonance frequency (Fig. 2) and to obtain
the lines, the first satellites gradually merge with the centrathe Knight shift, the applied magnetic field,,, has to be
line, and a fit to a single line was performed above 70 Kcorrected for the reversible macroscopic demagnetization
The asymmetry due to the small distribution in crystalline(Mr.v) and for a shift related to the vortex structure
alignment is negligible for thé-1 satellite ESR lines and (Hv). Thus the magnetic field at the maximum of the
zero for the central line. The correction for shifts due toresonance isf, = H, — aMy — H, With a = 87/3
demagnetization effects and magnetic field inhomogeneit{er @ spherically shaped particle. It is evident from the
in the superconducting state was taken into account by thédifferences between raw shift data at the three frequencies
analysis (see below). The uniform spin susceptibility, ~ that such corrections are substantial.

is obtained from the shiffdx = —(H, — Hy)/H, of the Below the irreversibility line, superconducting vortices
central GA* ESR resonance field,, are pinned, and their distribution is inhomogeneous and
magnetic field history dependent. At low temperatures
xs = [C4K(T) — 94K (0)]/%A. the lines broaden and have a magnetic field history depen-

dent shift. Only unimportant changes of the line shape

As in previous work [10,15] the relative shift data are observed for temperatures above 8 K at 150 and
GdK(T) are presented with respect iy = w/yo with

go = voh/QRmug) = 1.9901. A free radical reference

(BDPA with g = 2.00359) was used to calibrate fields. 2500 ¢
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earth site in Gd:YB#Cw,Og. Diamagnetic shielding corrections

MAGNETIC FIELD (T) belowT, are derived from the raw data at 150 GHz (diamonds)

and 225 GHz (crosses) at fields of 5.4 and 8.1 T, respectively.

FIG. 1. Central line and first nearest satellites of 3Gd The temperature dependence of the shift at 75 GHz (triangles)
ESR spectrum of Gd:YB&wOg at T = 30 K. The spin and 2.7 T is dominated by shielding current effects, but
susceptibility is derived from the shift of the central line with combination with 225 GHz data yields roughly the same
respect to the free radical reference. The unmarked outer linesusceptibility (open circles). Error bars (below 50 K, size of
are due to an unknown minority phase. the symbols) showt:10% of the linewidth.
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225 GHz. The broadening is small (0.3 and 0.1 mT astudy. y, measures the density of states within a few kT
150 and 225 GHz, respectively) compared to the linewidtHfrom the Fermi surface. ThugE) is energy dependent on
(3.5 mT), and the inhomogeneity of the field does notthe scale of 1 meV, and this is a strong supporifovave
affect the results appreciably. We eliminated the shiftairing for which the gap function has nodes. While our
due to the irreversible magnetization by averaging dataesults make a simplewave pairing with an anisotropic
recorded with increasing and decreasing applied magnetgap rather unlikely, they do not exclude a mixediave
fields. The sweep direction dependent shift is small; aandd-wave state.
225 GHez it is noticeable below 20 K only, and its largest For a d-wave superconductor the low slope of the
value is+0.4 mT (=50 ppm) at 8 K. We tested that re- spin susceptibility isasin = [xs(T)/ xs(T)1/(T/T.) =
sults do not depend on magnetic field sweep rate. (In4)kT./Ay. We find from Fig. 3 alinear dependence be-
The remaining corrections increase with decreasing termew 0.47, with a,,;,, = 0.59, and this gives\o = 2.3kT,
perature but are only weakly dependent on the applied field/hich is only a factoer = 1.1 larger thar2.1kT.. expected
in the range of our measurements. If corrections for thérom the weakd-wave limit. We have no susceptibility
reversible part are independent of field, as discussed belata of comparable quality for optimally doped systems.
low, the corrected shift 8K = yo[H.(w1) — Ha(w2)]/ However, in a first approximation, the slope of the quasi-
(wy — w1) + 1whereH,(w,) andH,(w,) are the applied particle fraction in the low temperature limit measured by
fields at resonance for frequencies and w,. Figure 2  the magnetic penetration depth, = 2AXT)/Ao/(T/T.)
shows data from a combination of results @t/27 = has the same value ag,. From the (a,b) plane
225 GHz andw, /27 = 150 GHz where we assume that penetration depth data of Hardyt al.[3] on optimally
the corrections t@f, are independent of field between 5.4 doped YBaCu;O; single crystals,a), = 0.54 if the
and 8.1 T. Similar results are found from a combinationvalue of Ay = 150 nm is assumed [3,21]. The similarity
of the 225 GHz data with the less precise 75 GHz data. of api, in the underdoped YB&uw,Og system toa, in
We believe that the field dependence of the correctionsptimally doped YBaCu;O; implies that the low energy
to 94K is indeed small for the following reasons. The mainquasiparticle excitations in the superconducting state of
contribution toH,, is independent of field and proportional YBa,Cw,Og are not much influenced by the presence of
to 1/A% where\ is the London penetration depth. Only a the pseudogap at high temperatures.
small field dependence is expected due to vortex fluctua- Penetration depth measurements on underdoped thin
tions [18]. For fields well above the lower critical field films usually show power law dependences typical of a
H.|, M., is proportional [19] to I(H.,/H) and is ex- finite density of states at the Fermi surface [22] which in
pected to decrease only about 12% between 5.4 and 8.1dd-wave superconductor may arise from relatively small
if we estimateH., = 100 T for the upper critical field. structural disorder. Our data end(at7,, and we cannot
Our own macroscopic magnetization measurements on thexclude a power law dependence with an exponent greater
same samples confirm thét., is nearly field independent than 1 at lower temperatures. YE2u,Og is an under-
in the range of interest. We measured the magnetizatiodoped system but unlike oxygen deficient %BasO¢- .,
parallel and perpendicular to tleaxis, Myey and My | , it has no disorder in the structure. The large value of
respectively, with a vibrating sample magnetometer undethe slope indicates that the linear dependence is intrinsic
the same conditions as used for the ESR study. Contribu-
tions to the magnetization from &d ions and the small 12

amount of impurity phase make the correctionS4& de- « experiment

rived directly from these data unreliable. However, theE 1 F — d-wave

differenceAM = M.y — My, Which does not contain # o S-wave

these unknown isotropic terms changes by less than 10% 0.8 -

between 5.4 and 8.1 T, and this again supports the assum\”(cn)J r e
tion of a field independent correction. 2 06 [ ;7

This analysis neglects the possibility of a magnetlcm r
field dependent density of states at the Fermi level. ThevJ 04 F
corresponding shift for a-wave superconductor [20] at g .
zero temperature is of the order 6fAy,(H/H.,)"/? &

Z

02
wherey, is the normal state susceptibility. Depending on .
the values ofy,, andH ., this may or may not be significant 0 e e
at8.1T and_ low temperatures. The normal state gap o 0 02 04 0.6 0.8 1 12
pseudogap is probably not affected by the magnetic fielc REDUCED TEMPERATURE, T/Tc

and y, may be small. Data at a third, larger field are

needed to measure the field dependence of the density bC: 3- Normalized spin susceptibility versus reduced tem-
states. perature. Note the linear temperature dependence at low

temperatures Solid line: Fit to dwwave coupling model with
Alinear low temperature dependence of the spin suscepnaximum gapA, = 2.3kT.. Light dashed lineswave weak
tibility extending t00.1T. is the main result of the present coupling Yoshida function.
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and that there is a node in the gap function of underdoped-wave symmetry. This result is in agreement with a re-
systems. cent ARPES study [11] of underdoped,Bi,CaCuyOg. 4.

In Fig. 3 we compare our low temperature data with the This work was supported by the Hungarian state Grant
curves expected for (a) an isotropic weakly cougedave  No. OTKA T 015984 and the CEE Human Capital and
superconductor (Yoshida function), (b) best fit tdaave  Mobility Associated Contract No. ERBCIPDCT940014.
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