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Linear Low Temperature Spin Susceptibility in the Underdoped
High Tc Superconductor,Gd:::YBa2Cu4O8
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The uniform spin susceptibility,xs, is determined from the Gd31 high frequency ESR Knight shift
in the underdoped high temperature superconductor, Gd:YBa2Cu4O8 sTc  82 Kd between 8 to 260 K.
Measurements at two fields (5.4 and 8.1 T) permit high precision at low temperatures. In the range o
0.1Tc to 0.4Tc, a linear temperature dependence ofxs is observed with a large slope. The corresponding
maximumd-wave superconducting gap isD0  190 K, 1.1 times the weakly coupledd-wave limit. The
results support suggestions that the normal state gap observed below 180 K and the superconduct
gap belowTc have nodes with the same symmetry. [S0031-9007(97)04224-5]

PACS numbers: 74.25.Nf, 74.25.Ha, 74.72.Bk
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Recently there is growing evidence ford-wave symme-
try pairing [1,2] in high temperature superconductors. Th
characteristic nodes in the superconducting gap lead t
linear energy dependence of the density of states of n
mal excitations near the Fermi energy at zero temperatu
The first clear indications ford-wave pairing came from
the linear temperature dependence at lowT of the London
penetration depth [3] and NMR Knight shift [4] in high
purity YBa2Cu3O7. Recently thed-wave symmetry has
been confirmed by tunnel-junction interferometry [5] an
Raman scattering [6]. One of the most intriguing ope
questions is the link between the anomalous normal st
and superconducting state properties. The “underdope
high Tc superconductor, YBa2Cu4O8, studied in this paper
has rather different normal state properties to “optimal
doped” systems like YBa2Cu3O7. Normal state transport
[7], magnetic susceptibility [8], and specific heat [9] mea
surements show that the density of states near the Fermi
ergy of both spin and charge excitations is already strong
reduced in underdoped systems at temperatures well ab
Tc. In optimally doped systems aboveTc there is no such
anomaly in the density of states. One of the favored ide
is that strong antiferromagnetic spin fluctuations in the u
derdoped systems [10] lead to a gap or a pseudogap
the density of states. Recent angle resolved photoemiss
studies [11] suggest that the symmetry of the normal sta
pseudogap in underdoped materials has the same “d-wave”
character as the superconducting gap. A similar sugg
tion has been made earlier from the analysis of speci
heat and magnetic susceptibility [12]. In this paper w
provide experimental support for this idea by showing th
in a well-ordered underdoped system the density of sta
has a linear energy dependence well belowTc with a slope
which is comparable to that measured for optimally dope
systems with no normal state pseudogap. This can o
happen if the normal state gap is anisotropic with nodes
similar positions to those of the superconducting gap.
0031-9007y97y79(14)y2726(4)$10.00
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We present high precision spin susceptibility data at t
rare earth site of Gd doped YBa2Cu4O8 deduced from the
high frequency Gd31 ESR Knight shift [13]. Gd31 ESR
Knight shift complements65Cu [8] and 17O [14] NMR
Knight shift measurements. (Hyperfine fields are too sm
to measure the89Y NMR Knight shift reliably belowTc.)
The simple Gd31 ESR spectrum permits a much highe
precision at low temperatures than NMR, and by comb
ing data at two magnetic fields we can correct for diama
netic screening in the superconducting phase. We fin
linear temperature dependence of the spin susceptib
from about0.4Tc to 0.1Tc, the lowest temperatures of the
present study. The magnitude of the spin susceptibil
and the slope of its temperature dependence are sig
cantly larger than previous estimates [15] based on
65Cu Knight shift [8].

The YBa2Cu4O8 powder sample with 1% Y substituted
by Gd was magnetically aligned in epoxy resin along t
c axis. Gd31 ESR was measured at frequencies,vy2p of
75.0, 150.0, and 225.0 GHz (fields centered aroundH 
2.7, 5.4, and 8.1 T, respectively) with magnetic field alon
the c axis. Results are consistent with previous 245 GH
data [16] on the same sample. The frequency of the Gu
diode mm wave source is stabilized to a quartz oscilla
with a precision of1026. The absorption derivative with a
small admixture of dispersion is observed for the mm-wa
radiation transmitted through an 8 mm diameter sam
fitted into an oversized waveguide. No resonant cavity
used, and there is no “vortex noise” which usually inhibi
ESR studies belowTc in conventional spectrometers.

In Gd doped YBa2Cu3O61x and YBa2Cu4O8 the ESR
Knight shift arises from the weak exchange interaction
electrons in the CuO2 layers with the localized Gd31 ion.
The same interaction broadens the lines through spin
tice relaxation [17]. The Gd31 shift has the same tem-
perature dependence as the89Y NMR Knight shift in
the temperature range where both can be measured [
© 1997 The American Physical Society
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The coupling constant is 10 times larger for Gd31 than for
89Y, and this allows the measurements to be extended
low temperatures. Gd31 is a nearlyS stateJ 

7
2 ion. At

the high frequencies used, the spectrum consists of se
fine structure lines: the central2

1
2 ! 1

1
2 transition and

six satellite lines which are well resolved at low temper
tures. Crystal fields are weak compared to the Zeem
energy and are negligible for the central line. Figure
shows the central line and the nearest fine structure tr
sitions at 30 K. These lines were fitted to Lorentzian a
sorption derivatives with a small admixture of dispersio
derivatives in order to determine the position of the centr
line. (The small admixture of dispersion arises from in
terference of rf fields transmitted through the sample alo
different paths and from eddy current shielding.) The lin
position is at the maximum of the absorption. At highe
temperatures the Korringa spin lattice relaxation broade
the lines, the first satellites gradually merge with the cent
line, and a fit to a single line was performed above 70
The asymmetry due to the small distribution in crystallin
alignment is negligible for the32 - 1

2 satellite ESR lines and
zero for the central line. The correction for shifts due
demagnetization effects and magnetic field inhomogene
in the superconducting state was taken into account by
analysis (see below). The uniform spin susceptibility,xs,
is obtained from the shift,GdK  2sHr 2 H0dyH0 of the
central Gd31 ESR resonance fieldHr ,

xs  fGdKsTd 2 GdKs0dgyGdA .

As in previous work [10,15] the relative shift data
GdKsT d are presented with respect toH0  vyg0 with
g0  g0hys2pmBd  1.9901. A free radical reference
(BDPA with g  2.003 59) was used to calibrate fields.
The effective “hyperfine constant”GdA is proportional

FIG. 1. Central line and first nearest satellites of Gd31

ESR spectrum of Gd:YBa2Cu4O8 at T  30 K. The spin
susceptibility is derived from the shift of the central line with
respect to the free radical reference. The unmarked outer li
are due to an unknown minority phase.
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to the exchange interaction between itinerant electro
and localized Gd31 moments. A comparison [13,16]
of Gd31 ESR with 89Y NMR shows that GdA is the
same for Gd:YBa2Cu3O61x for all values of x and
for Gd:YBa2Cu4O8. We findGdA  215 semuymoled21

from the static susceptibility [12] of YBa2Cu3O7 s2.7 3

1024 emuymoled and the Gd31 Knight shift [13] of
Gd:YBa2Cu3O7 (4050 ppm) in the normal state. To ob
tain GdA, the core and Van Vleck contribution to the stati
susceptibility was estimated [12] to be20.4 3 1024 emuy
mole, and we usedGdKs0d  620 ppm which is the value
obtained in the present measurements after making c
rections for demagnetizing effects.

The Gd31 shift (Fig. 2) shows the same temperatur
dependence at high temperatures as reported for17Os2, 3d
[14], 65Cus2d [8], and89Y [16]. BelowTc the raw shift data
depend on the resonance frequency (Fig. 2) and to obt
the Knight shift, the applied magnetic field,Ha, has to be
corrected for the reversible macroscopic demagnetizat
sMrevd and for a shift related to the vortex structur
sHyd. Thus the magnetic field at the maximum of th
resonance isHr  Ha 2 aMrev 2 Hy with a  8py3
for a spherically shaped particle. It is evident from th
differences between raw shift data at the three frequenc
that such corrections are substantial.

Below the irreversibility line, superconducting vortice
are pinned, and their distribution is inhomogeneous a
magnetic field history dependent. At low temperatur
the lines broaden and have a magnetic field history dep
dent shift. Only unimportant changes of the line sha
are observed for temperatures above 8 K at 150 a

FIG. 2. Solid circles: Corrected Gd31 ESR Knight shift data
which are proportional to the uniform susceptibility at the ra
earth site in Gd:YBa2Cu4O8. Diamagnetic shielding corrections
below Tc are derived from the raw data at 150 GHz (diamond
and 225 GHz (crosses) at fields of 5.4 and 8.1 T, respective
The temperature dependence of the shift at 75 GHz (triangl
and 2.7 T is dominated by shielding current effects, b
combination with 225 GHz data yields roughly the sam
susceptibility (open circles). Error bars (below 50 K, size o
the symbols) show610% of the linewidth.
2727
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225 GHz. The broadening is small (0.3 and 0.1 mT
150 and 225 GHz, respectively) compared to the linewid
(3.5 mT), and the inhomogeneity of the field does n
affect the results appreciably. We eliminated the shi
due to the irreversible magnetization by averaging da
recorded with increasing and decreasing applied magn
fields. The sweep direction dependent shift is small;
225 GHz it is noticeable below 20 K only, and its large
value is60.4 mT s650 ppmd at 8 K. We tested that re-
sults do not depend on magnetic field sweep rate.

The remaining corrections increase with decreasing te
perature but are only weakly dependent on the applied fi
in the range of our measurements. If corrections for t
reversible part are independent of field, as discussed
low, the corrected shift isGdK  g0fHasv1d 2 Hasv2dgy
sv2 2 v1d 1 1 whereHasv1d andHasv2d are the applied
fields at resonance for frequenciesv1 and v2. Figure 2
shows data from a combination of results atv1y2p 
225 GHz andv2y2p  150 GHz where we assume tha
the corrections toHa are independent of field between 5.
and 8.1 T. Similar results are found from a combinatio
of the 225 GHz data with the less precise 75 GHz data

We believe that the field dependence of the correctio
to GdK is indeed small for the following reasons. The ma
contribution toHy is independent of field and proportiona
to 1yl2 wherel is the London penetration depth. Only
small field dependence is expected due to vortex fluct
tions [18]. For fields well above the lower critical field
Hc1, Mrev is proportional [19] to lnsHc2yHd and is ex-
pected to decrease only about 12% between 5.4 and 8
if we estimateHc2  100 T for the upper critical field.
Our own macroscopic magnetization measurements on
same samples confirm thatMrev is nearly field independent
in the range of interest. We measured the magnetizat
parallel and perpendicular to thec axis,Mrevk andMrev',
respectively, with a vibrating sample magnetometer und
the same conditions as used for the ESR study. Contri
tions to the magnetization from Gd31 ions and the small
amount of impurity phase make the corrections toGdK de-
rived directly from these data unreliable. However, th
differenceDM  Mrevk 2 Mrev' which does not contain
these unknown isotropic terms changes by less than 1
between 5.4 and 8.1 T, and this again supports the assu
tion of a field independent correction.

This analysis neglects the possibility of a magne
field dependent density of states at the Fermi level. T
corresponding shift for ad-wave superconductor [20] a
zero temperature is of the order ofGdAxnsHyHc2d1y2

wherexn is the normal state susceptibility. Depending o
the values ofxn andHc2 this may or may not be significan
at 8.1 T and low temperatures. The normal state gap
pseudogap is probably not affected by the magnetic fi
and xn may be small. Data at a third, larger field ar
needed to measure the field dependence of the densit
states.

A linear low temperature dependence of the spin susc
tibility extending to0.1Tc is the main result of the presen
2728
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study. xs measures the density of states within a few k
from the Fermi surface. ThusnsEd is energy dependent on
the scale of 1 meV, and this is a strong support ford-wave
pairing for which the gap function has nodes. While ou
results make a simples-wave pairing with an anisotropic
gap rather unlikely, they do not exclude a mixeds-wave
andd-wave state.

For a d-wave superconductor the lowT slope of the
spin susceptibility isaspin  fxssT dyxssTcdgysTyTcd 
sln 4dkTcyD0. We find from Fig. 3 a linear dependence be
low 0.4Tc with aspin  0.59, and this givesD0  2.3kTc

which is only a factora  1.1 larger than2.1kTc expected
from the weakd-wave limit. We have no susceptibility
data of comparable quality for optimally doped system
However, in a first approximation, the slope of the quas
particle fraction in the low temperature limit measured b
the magnetic penetration depth,al  2DlsT dyl0ysTyTcd
has the same value asaspin. From the sa, bd plane
penetration depth data of Hardyet al. [3] on optimally
doped YBa2Cu3O7 single crystals,al  0.54 if the
value ofl0  150 nm is assumed [3,21]. The similarity
of aspin in the underdoped YBa2Cu4O8 system toal in
optimally doped YBa2Cu3O7 implies that the low energy
quasiparticle excitations in the superconducting state
YBa2Cu4O8 are not much influenced by the presence o
the pseudogap at high temperatures.

Penetration depth measurements on underdoped t
films usually show power law dependences typical of
finite density of states at the Fermi surface [22] which i
a d-wave superconductor may arise from relatively sma
structural disorder. Our data end at0.1Tc, and we cannot
exclude a power law dependence with an exponent grea
than 1 at lower temperatures. YBa2Cu4O8 is an under-
doped system but unlike oxygen deficient YBa2Cu3O61x ,
it has no disorder in the structure. The large value o
the slope indicates that the linear dependence is intrin

FIG. 3. Normalized spin susceptibility versus reduced tem
perature. Note the linear temperature dependence at l
temperatures. Solid line: Fit to ad-wave coupling model with
maximum gapD0  2.3kTc. Light dashed line:s-wave weak
coupling Yoshida function.
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and that there is a node in the gap function of underdop
systems.

In Fig. 3 we compare our low temperature data with th
curves expected for (a) an isotropic weakly coupleds-wave
superconductor (Yoshida function), (b) best fit to ad-wave
superconductor witha  1.1, i.e., with a gap slightly
larger than expected for the weak coupling limit. Fo
the d-wave case we use a gap function ofD  D0 cos2f

appropriate for a system with a two-dimensional ban
structure. For the temperature dependence ofD0 in thed-
wave weak coupling limit we numerically solved the ga
equation following Won and Maki [23]. For the strong
coupling case we use the usual approximation of “scalin
the ratio of D0ykTc and the weak coupling solution of
DsT d for the temperature dependence of the density
states. Clearly, only thed-wave superconductor gives a
reasonable fit.

Pines and Wrobel [15] analyzed the uncorrecte
YBa2Cu4O8

65Cu Knight shift data of Bankayet al. [8] in
terms of a nearly antiferromagnetic Fermi liquid and sug
gested that belowTc the data can be fitted to the theoretica
expression for a strongly coupledd-wave superconductor.
After correction our data differ significantly from the
uncorrected values of Bankayet al., but their analysis re-
mains qualitatively correct since we find larger values fo
both xsTd andxsTcd and so the normalized susceptibility
is not changed much. We findxsTcdyx0  0.33 for the
decrease of the susceptibility between temperatures mu
larger than the normal state gap andTc. Here we assumed
thatx0, the high temperature limit for the susceptibility o
YBa2Cu4O8, is equal to the normal state susceptibility o
optimally doped YBa2Cu3O7. The larger value ofxsTcd
derived in the present work may mean that YBa2Cu4O8 is
closer to optimum doping than previously supposed.

The calculated curves of Fig. 3 assume an energy ind
pendent normal state density of states. The large chang
slope ofxssT d at Tc (Fig. 2) implies that at the supercon-
ducting transition the density of states abruptly decreas
in an energy range of the order ofkTc about the Fermi
level. However, an energy independent density of stat
aboveTc cannot account for the anomalous temperatu
dependence of transport properties and spin susceptibi
in YBa2Cu4O8. A gap in the normal excitation spectrum
with a value ofEg  180 K has been used to describe
the Knight shift [8,16] of YBa2Cu4O8, and similar values
were deduced [7] from transport measurements. In the
earlier works a normal state gap with a finite energy wid
or a pseudogap with a finite density of states in all dire
tions (i.e., without nodes) was assumed. Such assumpti
are, however, contrary to our findings. If the gap had n
density of states in a finite energy range, then the susce
bility would be temperature independent for temperatur
much less than the gap. Instead, we find a temperat
dependence which extends to at leastT  8 K. Our ob-
servation of a linear low temperature dependence of t
spin susceptibility in a system with both a normal sta
and a superconducting gap implies that these have the sa
ed
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d-wave symmetry. This result is in agreement with a re
cent ARPES study [11] of underdoped Bi2Sr2CaCu2O81d .
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