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Evidence for Extreme Gap Anisotropy in Ho0.1Y 0.9Ba2Cu3O7
from Neutron Spectroscopy ofHo31
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We have measured by neutron spectroscopy the relaxation behavior of the 0.5 meV groun
crystal field transition of Ho31 in Ho0.1Y 0.9Ba2Cu3O7. We studied the intrinsic linewidthG and peak
position over the temperature range 1.5–160 K. The data show an anomaly at,115 K consistent with
the formation of an energy gap. We extrapolate the normal state linewidthGn to lower temperatures
and hence evaluate the reduced relaxation rateGyGn. Both GyGn and the peak position show
significant increase with temperature well belowTc characteristic of a high degree of gap anisotrop
[S0031-9007(96)00956-8]

PACS numbers: 74.72.Bk, 74.25.Ha, 76.20.+q, 76.30.Kg
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The formation of an energy gap2DqsT d in a super-
conductor causes changes to the low energy excita
which can enlighten us as to the nature of the pairing
teraction. Among the many techniques which have b
employed to study excitations in YBa2Cu3O61x, inelas-
tic neutron scattering [1] has given us an overall view
the magnetic dynamics on the CuO2 planes through the
imaginary part of the generalized susceptibility,x 00sq, vd,
while relaxation methods, especially nuclear resona
(NMR and NQR) measurements of the static susceptib
xsq, v ø 0d, have been prominent in the debate conce
ing the symmetry of the order parameter [2]. Of parti
lar interest are the observed temperature variations o
nuclear relaxation rates and shifts in the superconduc
state [3–5], which have been analyzed in detail to as
various models for the energy gap [6].

In this Letter we study the gap in YBa2Cu3O7 by a
relaxation method that is similar in principle to nucle
relaxation, but which works in zero field and which prob
xsq, vd on a meV energy scale, 6 orders of magnitu
larger than NMR or NQR. These conditions avoid
difficulties with nuclear resonance measurements in
superconducting state caused by the need to apply ext
static (NMR) and radio frequency (NMR and NQR
electromagnetic fields. The nuclear relaxation rate,
example, which at temperaturesT ø Tc is very slow,
must be corrected for low frequency relaxation effe
such as the motion of flux lines and the distribution
internal fields due to screening currents [5].

Our method involves the measurement by neut
scattering of a transition between Ho31 energy levels
in Ho0.1Y 0.9Ba2Cu3O7 split by the local crystal field
(CF). The CF transition energy and intrinsic linewid
vary with temperature, and these changes are es
tially a reflection of the density of excitations at t
transition frequencyvCF . The first observation of CF
linewidth changes due to superconductivity was made
0031-9007y96y77(8)y1600(4)$10.00
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La12xTbxAl 2 [7], and subsequent investigations on s
perconducting cuprates have revealed interesting effe
when h̄vCF ø 10 meV [8]. The gap anisotropy, how-
ever, is most directly probed when̄hvCF ø 2Dmaxs0d.
This condition is satisfied in the present experiment b
cause we studied an excitation with̄hvCF ø 0.5 meV,
some 50 to 100 times smaller than reported values
2Dmaxs0d. In this case the relaxation at low temperatur
sT , Tcy2d is of particular importance because the g
is independent of temperature. We developed the me
ods used here in a preliminary study [9] performed
the IRIS spectrometer at the ISIS neutron facility. In th
work we concentrated on the temperature region arou
Tc, and used two different Ho concentrations. Here w
give a much more complete set of data measured
a consistent way on a single sample, and explore
low temperature regionsT , Tcy2d in detail for the first
time. Our data are consistent with the notion of a high
anisotropic gap.

The data were measured on the high resolution, tim
of-flight spectrometer IN5 at the Institut Laue-Langevi
During the measurements the powder sample was c
tained in a cylindrical Al can mounted inside a4He cryo-
stat. The choppers were configured so as to give
incident wavelength of 0.7 nm, and an energy resolut
of 0.040 meV for the elastic peak. On the neutron ene
loss side of the elastic peak, the energy resolution is b
ter, and improves with increasing energy transfer. It is
this domain that we studied the CF excitation. In ord
to estimate the nonmagnetic scattering, we collected sp
tra at several different temperatures from an identica
prepared sample of YBa2Cu3O7. These background spec
tra were averaged, taking account of their weak tempe
ture variation, and subtracted from the data before furt
analysis.

Figure 1 shows energy spectra measured at several
peratures to illustrate the scale of the observed broaden
© 1996 The American Physical Society



VOLUME 77, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 19 AUGUST 1996

un

V.

he
lax
ach

in
ath
ul

sid
an
s
tio
pe
s

tio

se

ut

n
o

olu
ng
d
w
W
n

he

c-
ion
ata
s in
en
ere
e-
the
re
the
we
hin
ted
he

e
ther
st-
of
at
flat
re,
e
eal

the
ns
to
ct
or
the
e

om
pe
ch
ere

of

ed
re-
h

ak

-
om

ls.
e
ur
x-

tal
FIG. 1. Inelastic neutron scattering spectra of the gro
state to first excited state CF transition of Ho31 in
Ho0.1Y 0.9Ba2Cu3O7 in the energy range 0.1 to 0.9 me
The data have been corrected for the non-Ho31 scattering. The
vertical line is a reference for the peak position at 6.8 K. T
calculated curves are fits to the data, and include the re
tion as described in the text. The counting time for e
spectrum was 8 h.

and shift. Although the CF transition is between two s
glets, the low temperature peak shape is seen to be r
complex, comprising a dominant central peak with sho
ders on each side, and a tail on the higher energy
The side peaks have been discussed in terms of exch
coupling between pairs of Ho31 ions on adjacent site
[10], and their magnitude is reduced if a lower Ho:Y ra
is used [11]. The desire for an uncomplicated line sha
however, must be moderated by the associated loss in
nal due to dilution, and our choice of a 10% Ho:Y ra
was a compromise between these two factors.

The key assumption on which our analysis is ba
is that the observed line shape arises from Ho31 ions
distributed in slightly different local environments, b
subject to the same relaxation processes.In this case, the
spectrum measured at a particular temperature is give
the convolution of a broadening function characteristic
that temperature and the residual line shape at abs
zero. Hence, the relaxation can be described by a si
broadening function whose position, width, and amplitu
depend on temperature. To facilitate the convolutions
constructed the residual out of a sum of Gaussians.
then convolved it with a Lorentzian broadening functio
d

a-

-
er

-
e.
ge

,
ig-

d

by
f
te
le

e
e
e

,

and combined the result with the Bose factor in t
standard way to satisfy detailed balance.

We first of all analyzed all the data with a 1.5 K spe
trum as the reference. There was virtually no relaxat
between 1.5 and 20 K, but a close comparison of d
measured at 1.5 and 6.8 K revealed very small change
the relative intensities of the two “dimer” peaks. Betwe
6.8 and 20 K, however, the shape of the spectra w
all identical within the statistical precision. We henc
forth took the 6.8 K data as the reference and repeated
analysis. To within experimental error, the results we
the same as before. Thus, while we cannot explain
very low temperature behavior of the two side peaks,
can be certain they have no influence on the results wit
the bounds of experimental error. This is to be expec
since most of the spectral weight is contained in t
central peak.

The line drawn through the 6.8 K data in Fig. 1 is th
residual function, and the lines superimposed on the o
data in Fig. 1 were obtained from the residual by a lea
squares fit in which the center, width, and amplitude
the broadening function, together with an additional fl
background, were the only variable parameters. The
background did not vary systematically with temperatu
and was included only to allow for inaccuracies in th
background estimate. The spectra shown in Fig. 1 rev
an enhancement in intensity with temperature on
right side of the peak, an effect caused by transitio
between thermally excited CF levels which overlap in
our window. This extra intensity has a negligible effe
on the analysis below 50 K, and causes only min
deviations at higher temperatures, but was included in
model so as to allow fitting over the full energy rang
at all temperatures. We calculated this scattering fr
the known CF wave functions [12], and verified its sha
by comparison with the energy gain scattering, whi
extends out to greater (negative) energies. Good fits w
obtained at all temperatures, withx2 values of between 1
and 2 in the fitting range 0.1 to 0.9 meV.

Figures 2(a)–2(c) display the temperature variation
the intrinsic widthG (HWHM) of the broadening func-
tion, the peak shift relative to 6.8 K, and the integrat
intensity normalized to unity at absolute zero. The
laxation rates~Gd is seen to increase very slowly wit
temperature at first, then more so up toTm ø 115 K
where the variation becomes roughly linear. The pe
shift shows a more marked initial increase withT than
doesG, but flattens out aboveTm. The decrease in the in
tegrated intensity with temperature, Fig. 2(c), arises fr
the depopulation of the CF ground state into higher leve
To within experimental error the points follow the curv
calculated from the CF levels [12], and this confirms o
calculation of the amount of scattering from thermally e
cited levels.

In general, the damping of a CF transition in a me
does not follow the Korringa lawsG ~ Td familiar with
1601
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FIG. 2. Temperature variation of (a) the intrinsic linewidt
(b) the peak shift, (c) the measured and calculated integr
intensity, and (d) the reduced linewidth. The reduced linewi
is the ratio of the measured linewidth [the data points in (
to the normal state linewidth calculated from Eq. (1) w
coupling constantJexNs0d  0.0036 [the line in (a)]. The
reduced temperature axis in (d) corresponds to the same r
of temperature as in (a)–(c).

nuclear relaxation. This is because the transition energ
often comparable tokBT , and because contributions ari
from relaxation pathways involving higher lying CF leve
The theory of Becker, Fulde, and Keller (BFK) [13] ma
be used to calculate the relaxation by exchange scatte
for an arbitrary CF splitting. For the case when the
levels do not overlap, the linewidth of a transition betwe
the ground state (0) and the first excited state (1) is
1602
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∂∏
,

(1)

whereh̄vt is the energy of levelt relative to the ground
state, M2

ij is the squared matrix element of the ang
lar momentum operator,Jex is the exchange constant be
tween the localized4f moment and the quasiparticle
and b  1ykBT . x 00svd is the same local susceptibil
ity as used in nuclear relaxation, i.e., the Brillouin zo
sum of jAsqdj2x 00sq, vd, wherex 00sq, vd is the dynamic
susceptibility probed by neutron scattering andAsqd is a
geometrical factor which takes account of the local stru
ture around the lanthanide ion [2]. It will be seen fro
Eq. (1) thatG samplesx 00sq, vd at several energies, th
main one being that of the direct transition,v1  vCF .
In Ho0.1Y 0.9Ba2Cu3O7 the vCF term dominates at low
temperaturessT , 20 Kd, but virtual transitions to higher
levelss1.8 , h̄vt , 11.5 meVd contribute increasingly at
higher temperatures, accounting for approximately half
total relaxation above 120 K [9].

For a noninteracting Fermi liquidx 00svd  pNs0d2v,
whereNs0d is the density of states at the Fermi energ
and we will use this form to calculate the norm
state linewidth Gn even though the normal state o
YBa2Cu3O7 is still under discussion. The use of
Fermi liquid model in the present problem is justifie
by 89Y NMR observations [14] which show that the89Y
relaxation rate is close to the noninteracting limit in th
normal state and obeys the Korringa law. Furthermo
although x 00sq, vd is strongly enhanced aroundq 
spya, pybd by antiferromagnetic spin fluctuations [1
these are largely filtered out byAsqd, the q dependence
of which reflects that the Y(Ho) site is at a center
symmetry of the fluctuations [2].

In Fig. 2(a) we showGnsT d calculated from Eq. (1),
with CF energy levels and matrix elements from t
literature [12] andJexNs0d  0.0036. The corresponding
expression for the peak shift is less simple, but
estimate the normal state shift to be much smaller (a
in the opposite sense) to that observed here. In Fig. 2
we plot the ratioGsT dyGnsTd. For temperatureskBT .

h̄vCF this ratio becomes relatively insensitive to th
details of the CF spectrum. The temperature variat
arises from the suppression ofx 00sq, v ø vCF d due to the
formation of the gap2DqsT d, and will include coherence
factors which reflect that the CF relaxation by exchan
scattering is odd under time reversal [15].

The functional form ofGyGn is analogous to the nuclea
relaxation quantity1yT1T , the only difference being in
the energy scales probed by the two techniquessh̄vCF ¿

mN Bd. The CF peak shift relates in a similar way
the Knight shift K . The limiting forms for1yT1T and
K at low temperatures have been discussed for differ
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orbital pairing models [6]. In the standard BCS theor
with an isotropic gap of magnitude2Ds0d  3.52kBTc, the
low temperaturesT , Tcy2d relaxation rate and peak shif
vary as expf2Ds0dykBT g. This is manifestly inconsistent
with the behaviors depicted in Figs. 2(b) and 2(d), whic
reveal a roughly linear increase in the relaxation of t
CF excitation, well in excess of the experimental sensit
ity, starting at approximatelyTyTc  0.2. Rather, these
observations require the existence of a significant de
sity of low energy excitations at temperatures as low
20 K, and this points toward the need for an unconve
tional pairing model characterized by a highly anisotrop
gap function, consistent with the results of many rece
experiments [16].

Nuclear relaxation studies of YBa2Cu3O7 have been
compared extensively with different gap function mode
[6], and a similar analysis of the present data could yie
important information onxsq, vd in the superconducting
state. We refrain, however, from drawing any conclusio
from the static susceptibility predictions for nuclear da
becausexsq, vd at our characteristic energys,0.5 meVd
may have a differentq and temperature dependence
xsq, 0d. For example, we observe changes occurri
in the relaxation atTm . Tc, reminiscent of the spin
gap behavior observed inx 00sq, vd directly by inelastic
neutron scattering [1] and in previous CF relaxation da
[8], but not in NMR studies.

The important contribution of this work to the field o
cuprate superconductivity is in showing that significa
relaxation occurs at low temperatures at energies wh
are intermediate between zero and the maximum g
energy. By probing on this energy scale, we avoid t
potential problems associated with very low frequen
measurements. Our results support the need for a hig
anisotropic gap, and we hope that calculations of t
relaxation at intermediate energies for specific mod
might be available in the near future.
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