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We have measured by neutron spectroscopy the relaxation behavior of the 0.5 meV ground state
crystal field transition of H&" in Hoy .Y o Ba,Cu;0;. We studied the intrinsic linewidtl™ and peak
position over the temperature range 1.5—-160 K. The data show an anomaly 2K consistent with
the formation of an energy gap. We extrapolate the normal state linewjdtb lower temperatures,
and hence evaluate the reduced relaxation [at¢,. Both I'/T', and the peak position show a
significant increase with temperature well bel@w characteristic of a high degree of gap anisotropy.
[S0031-9007(96)00956-8]

PACS numbers: 74.72.Bk, 74.25.Ha, 76.20.+q, 76.30.Kg

The formation of an energy gapA,(T) in a super- La;—,Th,Al, [7], and subsequent investigations on su-
conductor causes changes to the low energy excitatiorgerconducting cuprates have revealed interesting effects
which can enlighten us as to the nature of the pairing inwhen Ziwcr = 10 meV [8]. The gap anisotropy, how-
teraction. Among the many techniques which have beerver, is most directly probed whebwcr < 2A1240).
employed to study excitations in YB@w;Og+,, inelas-  This condition is satisfied in the present experiment be-
tic neutron scattering [1] has given us an overall view ofcause we studied an excitation withwcg = 0.5 meV,
the magnetic dynamics on the Cy@lanes through the some 50 to 100 times smaller than reported values of
imaginary part of the generalized susceptibilipy/(g, @),  2Anma(0). In this case the relaxation at low temperatures
while relaxation methods, especially nuclear resonancé€l’ < T./2) is of particular importance because the gap
(NMR and NQR) measurements of the static susceptibilitys independent of temperature. We developed the meth-
x(q, » = 0), have been prominent in the debate concerneds used here in a preliminary study [9] performed on
ing the symmetry of the order parameter [2]. Of particu-the IRIS spectrometer at the ISIS neutron facility. In that
lar interest are the observed temperature variations of th@ork we concentrated on the temperature region around
nuclear relaxation rates and shifts in the superconducting,., and used two different Ho concentrations. Here we
state [3—5], which have been analyzed in detail to asseggve a much more complete set of data measured in
various models for the energy gap [6]. a consistent way on a single sample, and explore the

In this Letter we study the gap in YB&u;O; by a  low temperature regiofl’ < T./2) in detail for the first
relaxation method that is similar in principle to nucleartime. Our data are consistent with the notion of a highly
relaxation, but which works in zero field and which probesanisotropic gap.
x(gq, w) on a meV energy scale, 6 orders of magnitude The data were measured on the high resolution, time-
larger than NMR or NQR. These conditions avoid theof-flight spectrometer IN5 at the Institut Laue-Langevin.
difficulties with nuclear resonance measurements in th®uring the measurements the powder sample was con-
superconducting state caused by the need to apply exterrtained in a cylindrical Al can mounted inside*sle cryo-
static (NMR) and radio frequency (NMR and NQR) stat. The choppers were configured so as to give an
electromagnetic fields. The nuclear relaxation rate, foincident wavelength of 0.7 nm, and an energy resolution
example, which at temperaturds < 7, is very slow, of 0.040 meV for the elastic peak. On the neutron energy
must be corrected for low frequency relaxation effectdoss side of the elastic peak, the energy resolution is bet-
such as the motion of flux lines and the distribution ofter, and improves with increasing energy transfer. Itis in
internal fields due to screening currents [5]. this domain that we studied the CF excitation. In order

Our method involves the measurement by neutroro estimate the nonmagnetic scattering, we collected spec-
scattering of a transition between Ho energy levels tra at several different temperatures from an identically
in Hog 1Y o Ba,Cus0; split by the local crystal field prepared sample of YB&u;O,. These background spec-
(CF). The CF transition energy and intrinsic linewidth tra were averaged, taking account of their weak tempera-
vary with temperature, and these changes are essetwre variation, and subtracted from the data before further
tially a reflection of the density of excitations at the analysis.
transition frequencywcg. The first observation of CF Figure 1 shows energy spectra measured at several tem-
linewidth changes due to superconductivity was made operatures to illustrate the scale of the observed broadening
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N — and combined the result with the Bose factor in the
60l 6.8K I standard way to satisfy detailed balance.
We first of all analyzed all the data with a 1.5 K spec-
sor trum as the reference. There was virtually no relaxation
2 a0t *g between 1.5 and 20 K, but a close comparison of data
% sol S measured at 1.5 and 6.8 K revealed very small changes in
= € the relative intensities of the two “dimer” peaks. Between
20t 6.8 and 20 K, however, the shape of the spectra were
10l all identical within the statistical precision. We hence-
forth took the 6.8 K data as the reference and repeated the
0 analysis. To within experimental error, the results were
the same as before. Thus, while we cannot explain the
very low temperature behavior of the two side peaks, we
can be certain they have no influence on the results within
. - the bounds of experimental error. This is to be expected
= 'é since most of the spectral weight is contained in the
S o central peak.
£ £ The line drawn through the 6.8 K data in Fig. 1 is the
residual function, and the lines superimposed on the other
data in Fig. 1 were obtained from the residual by a least-
N IR B R B N squares fit in which the center, width, and amplitude of
01 03 05 07 09 03 05 07 09 the broadening function, together with an additional flat
background, were the only variable parameters. The flat
Energy (meV) background did not vary systematically with temperature,

FIG. 1. Inelastic neutron scattering spectra of the groundand was included only to allow for inaccuracies in the
state to first excited state CF transition of *oin  background estimate. The spectra shown in Fig. 1 reveal
Hoo.1Y 0Ba,CusO; in the energy range 0.1 to 0.9 meV. gn enhancement in intensity with temperature on the

The data have been corrected for the nori‘Hscattering. The . ; .
vertical line is a reference for the peak position at 6.8 K. Therlght side hOf the" peak_, %nceff?Ct (I:ausr?_d hby tra|1n8|t_|ons
calculated curves are fits to the data, and include the relaxzpetween thermally excite F levels which overlap into

tion as described in the text. The counting time for eachour window. This extra intensity has a negligible effect
spectrum was 8 h. on the analysis below 50 K, and causes only minor
deviations at higher temperatures, but was included in the
model so as to allow fitting over the full energy range
and shift. Although the CF transition is between two sin-at all temperatures. We calculated this scattering from
glets, the low temperature peak shape is seen to be rathiétre known CF wave functions [12], and verified its shape
complex, comprising a dominant central peak with shoulby comparison with the energy gain scattering, which
ders on each side, and a tail on the higher energy sidextends out to greater (negative) energies. Good fits were
The side peaks have been discussed in terms of exchangbtained at all temperatures, wig? values of between 1
coupling between pairs of H6 ions on adjacent sites and 2 in the fitting range 0.1 to 0.9 meV.
[10], and their magnitude is reduced if a lower Ho:Y ratio Figures 2(a)—2(c) display the temperature variation of
is used [11]. The desire for an uncomplicated line shapehe intrinsic widthI" (HWHM) of the broadening func-
however, must be moderated by the associated loss in sigen, the peak shift relative to 6.8 K, and the integrated
nal due to dilution, and our choice of a 10% Ho:Y ratio intensity normalized to unity at absolute zero. The re-
was a compromise between these two factors. laxation rate(x«I") is seen to increase very slowly with
The key assumption on which our analysis is basedemperature at first, then more so up T = 115 K
is that the observed line shape arises from?Hdéons where the variation becomes roughly linear. The peak
distributed in slightly different local environments, but shift shows a more marked initial increase withthan
subject to the same relaxation processésthis case, the doesI’, but flattens out abovE,,. The decrease in the in-
spectrum measured at a particular temperature is given bggrated intensity with temperature, Fig. 2(c), arises from
the convolution of a broadening function characteristic ofthe depopulation of the CF ground state into higher levels.
that temperature and the residual line shape at absolue within experimental error the points follow the curve
zero. Hence, the relaxation can be described by a singlealculated from the CF levels [12], and this confirms our
broadening function whose position, width, and amplitudecalculation of the amount of scattering from thermally ex-
depend on temperature. To facilitate the convolutions weited levels.
constructed the residual out of a sum of Gaussians. We In general, the damping of a CF transition in a metal
then convolved it with a Lorentzian broadening function,does not follow the Korringa lawl" « T') familiar with
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% 0.08 | + Z<Mg’ eBlio, — 1 + Mlz’ eBhi(o,—~w) — 1>i|’
£ >1
= 006 | Q)
= 004} . .
002 | Whel’eﬁcgt is the energy of levet relative to the ground
0.00 state, M;; is the squared matrix element of the angu-
lar momentum operator, is the exchange constant be-
sy tween the localizedtf moment and the quasiparticles,
3 004 | and 8 = 1/kgT. x"(w) is the same local susceptibil-
£ 0.03 I ity as used in nuclear relaxation, i.e., the Brillouin zone
£ sum of |[A(q)]*x" (g, w), where x"(g, ) is the dynamic
e 002y susceptibility probed by neutron scattering and) is a
3 o001 geometrical factor which takes account of the local struc-
0.00 ture around the lanthanide ion [2]. It will be seen from
Eqg. (1) thatT' samplesy”(q, ) at several energies, the
> 10 main one being that of the direct transitiol; = wck.
2 ! In Hog1Y 0.9Ba,Cuz0; the wcr term dominates at low
£ temperature$l’ < 20 K), but virtual transitions to higher
5 % levels(1.8 < hw, < 11.5 meV) contribute increasingly at
£ o4} higher temperatures, accounting for approximately half the
£ total relaxation above 120 K [9].
g 027 s For a noninteracting Fermi liquig”(w) = wN(0)’w,
0.0 — —_— where N(0) is the density of states at the Fermi energy,
0 20 40 60 80 100120 140 160 and we will use this form to calculate the normal
Temperature  (K) state linewidth I, even though the normal state of
YBa,Cu;0, is still under discussion. The use of a
1.4 w . - Fermi liquid model in the present problem is justified
12 b (d) 1 by &Y NMR observations [14] which show that tH&Y
Wh-———--—- -~ ?iﬁv —lr+ relaxation rate is close to the noninteracting limit in the
. 08 F ) . normal state and obeys the Korringa law. Furthermore,
S osf ¢++ . although x"(q, w) is strongly enhanced aroung =
04 | . ¢ - (7 /a, w/b) by antiferromagnetic spin fluctuations [1],
02t o ¢ _ these are largely filtered out b4(q), the ¢ dependence
0.0 _,+¢“ i of which reflects that the Y(Ho) site is at a center of
o 015 1 1t5 symmetry of the fluctuations [2].
T/T.=94K) In Fig. 2(a) we showl',,(T) calculated from Eq. (1),

with CF energy levels and matrix elements from the

FIG. 2. Temperature variation of (a) the intrinsic linewidth, literature [12] and/,N'(0) = 0.0036. The corresponding
(b) the peak shift, (c) the measured and calculated integrate@Xpression for the peak shift is less simple, but we
intensity, and (d) the reduced linewidth. The reduced linewidthestimate the normal state shift to be much smaller (and

is the ratio of the measured linewidth [the data pOintS in (a)]|n the Opposite Sense) to that observed here. In F|g 2(d)

to the normal state linewidth calculated from Eq. (1) with ;
coupling constant/sN(0) = 0.0036 [the line in (a)]. The we plot the ratiol'(7)/T,(T). For temperaturegsT >

reduced temperature axis in (d) corresponds to the same ranfj@ce this ratio becomes relatively insensitive to the
of temperature as in (a)—(c). details of the CF spectrum. The temperature variation

arises from the suppression pf(q, ® = wcg) due to the
formation of the ga@A,(T), and will include coherence
nuclear relaxation. This is because the transition energy if&ctors which reflect that the CF relaxation by exchange
often comparable tézT, and because contributions arise scattering is odd under time reversal [15].
from relaxation pathways involving higher lying CF levels.  The functional form ofl*/T",, is analogous to the nuclear
The theory of Becker, Fulde, and Keller (BFK) [13] may relaxation quantityl /77T, the only difference being in
be used to calculate the relaxation by exchange scatterirtge energy scales probed by the two techniqlies-r >
for an arbitrary CF splitting. For the case when the CFuyB). The CF peak shift relates in a similar way to
levels do not overlap, the linewidth of a transition betweenthe Knight shiftk. The limiting forms for1/7,T and
the ground state (0) and the first excited state (1) is K at low temperatures have been discussed for different
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