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The magnetic excitation spectrum of a YBa2Cu3O7 crystal containing 0.5% of nonmagnetic (Zn)
impurities has been determined by inelastic neutron scattering. Whereas in the pure system a
sharp resonance peak atE . 40 meV is observed exclusively below the superconducting transition
temperatureTc, the magnetic response in the Zn-substituted system is broadened significantly and
vanishes at a temperature muchhigher than Tc. The energy-integrated spectral weight observed near
q ­ sp , pd increases with Zn substitution, and only about half of the spectral weight is removed atTc.
[S0031-9007(99)08563-4]

PACS numbers: 74.62.Dh, 74.20.Mn, 74.72.Bk, 75.40.Gb
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The magnetic resonance peak is a sharp collective e
citation at an energy of 40 meV and wave vectorq0 ­
sp , pd in the superconducting state of YBa2Cu3O7 [1–
7]. The peak is also observed at lower energies in u
derdoped YBa2Cu3O61x [8–10]. As the existence of this
peak requiresd-wave superconductivity, it demonstrates
that magnetic neutron scattering is a phase-sensitive pro
of superconductivity [4]. The peak also provides impor
tant clues to the microscopic mechanism of high tem
perature superconductivity: It does not appear in th
Lindhard susceptibility of a noninteracting band meta
[11], and the interactions responsible for the enhanceme
of the band susceptibility are presumably the same as
ones that drive superconductivity. Several enhanceme
mechanisms have thus been suggested: band structure
gularities [12], antiferromagnetic interactions [13], and in
terlayer tunneling [14]. Other models of the resonanc
peak [15–17] appeal directly to the parent antiferroma
netic insulator YBa2Cu3O6, where low energy spin waves
of spectral weight comparable to the resonance peak
observed nearq0 ­ sp, pd.

Clearly, more experimental data are needed to differe
tiate between these theories. Here we present neutron s
tering measurements of the spin dynamics of a YBa2Cu3O7
single crystal in which a small number of nonmagnetic zin
ions replace copper ions. Zn substitution introduces min
mal structural disorder, substitutes for copper in the CuO2
planes [18], and does not modify the hole concentratio
substantially [19]. The Zn ions are known to induce lo
cal magnetic moments on neighboring Cu sites [20] whic
are associated with low energy magnetic excitations [21
23]. It has been shown further that Zn impurities scatte
conduction electrons near the unitary limit and rapidly sup
press the superconducting transition temperatureTc [24].
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The new data reported here demonstrate a broadenin
the spin excitation spectrum in the presence of a min
amount of Zn impurities. Instead of disappearing in t
normal state as in zinc-free YBa2Cu3O7, the broadened in-
tensity now persists well aboveTc. These results are sur
prising and were not anticipated by any of the theoreti
models of the resonance peak.

A single crystal of composition YBa2sCu0.995Zn0.005d3-
O7 and volume1.7 cm3 was prepared by a method de
scribed previously [6]. The crystal was annealed un
oxygen flow at 600±C for 14 days, a procedure that re
sulted in a Tc ­ 93 K in Zn-free crystals synthesized
by the same method [6]. After the heat treatment,
crystal showedTc ­ 87 K with a width of about 5 K,
consistent with earlier reports on Zn-substituted, fu
oxygenated YBa2Cu3O7 [24].

The measurements were taken at the IN8 triple a
spectrometer at the Institut Laue Langevin, Grenob
France. Preliminary data were also taken at the BT2 sp
trometer at the NIST research reactor. The IN8 be
optics included a vertically focusing Cu(111) monochr
mator and a horizontally focusing pyrolytic graphite (00
analyzer which selected a fixed final energy of 35 me
A pyrolytic graphite filter was inserted into the scatter
beam in order to eliminate higher-order contaminatio
The sample was attached to the cold finger of a clo
cycle helium refrigerator mounted on a two-circle g
niometer. Data were taken with the crystal in two d
ferent orientations, where wave vectors of the formsQ ­
sH, H, Ld and s3H, H, Ld were accessible. [Throughou
this article, the wave vectorQ ­ sH, K , Ld is indexed in
units of the reciprocal lattice vectors2pya , 2pyb ,
1.63 Å21 and 2pyc , 0.53 Å21. In this notation, the
sp, pd point corresponds tos h

2 , k
2 d with h andk integers.]
© 1999 The American Physical Society 1939
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As described in detail elsewhere [5,6], the imaginar
part of the dynamical magnetic susceptibility,x 00sQ, vd,
can be separated from phonon scattering with the aid of l
tice vibrational calculations and, by studying the momen
tum, temperature and doping dependence of the neutr
scattering cross section. In pure (Zn-free) YBa2Cu3O61x ,
this procedure was verified by measurements with pola
ized neutron beams for some scattering configurations
the energy range covered by the present study, 10 throu
50 meV [6,9]. Since the changes in the phonon spe
trum induced by 0.5% Zn substitution are insignificant, th
data analysis procedures developed for pure YBa2Cu3O61x

carry over directly to the sample investigated here.
Figure 1 shows representative constant-energy sca

taken in thesH, H, Ld zone. As in pure YBa2Cu3O7,
the magnetic scattering is confined to a window at abo
40 meV and q0 ­ sp , pd, with no magnetic scatter-
ing observed above background at low energies. T
magnetic scattering at about 40 meV also exhibits th
sinusoidal modulation inL discussed in detail previously
[1–6,25]. An upper limit of1

3 of the maximum intensity
can be placed on the intensity at the minimum of th
modulation, as in the pure system. These and simil
scans taken in thes3H, H, Ld zone were put on an ab-
solute unit scale by normalizing to the phonon spectru
following Ref. [6], using the same definition of the spin
susceptibility as Ref. [26] [Fig. 2(a)]. The constant
energy scans were fitted to Gaussian profiles who
amplitude is plotted in Fig. 2(b) as a function of energy.

FIG. 1. Constant-energy scans at 39 and 10 meV throu
Q ­ s 1

2
, 1

2
, Ld for YBa2sCu0.995Zn0.005d3O7. The line in the

upper panel is the result of a Gaussian fit. The bar give
the instrumentalQ resolution. Because of the good energy
resolutions,5 meVd, the 42.5 meV phonon [4] makes only a
weak contributions#10%d to the upper scan.
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The overall shape of the magnetic spectrum
YBa2sCu0.995Zn0.005d3O7, being concentrated around a
characteristic energy 40 meV and wave vectorq0 ­
sp, pd, is clearly reminiscent of the resonance peak in t
pure system. The spectral weight increases at low te
peratures, as does the resonance peak in pure YBa2Cu3O7.
However, there are also substantial differences betwe
the pure and Zn-substituted systems. While the ma
netic resonance peak in the pure system is very sh
in energy, the magnetic response in the Zn-substitu
sample is substantially broadened. This is apparent in
temperature difference spectrum [Fig. 2(c)], which give

FIG. 2. (a) Constant-energy scans throughs1.5, 0.5, 21.7d,
background corrected and converted to absolute units. T
bar gives the instrumentalQ resolution. (b) Peak dynamical
susceptibility atq0 ­ sp, pd extracted from fits to constant-
energy profiles [panel (a) and Fig. 1]. The line is a Gaussi
with the same width as the difference spectrum in panel (
(c) More detailed spectrum at about 40 meV. The data at ab
100 K s.Tcd were subtracted from the low temperature dat
The bar gives the instrumental energy resolution, and the line
the result of a fit to a Gaussian. All data are given in absolu
units. A ,30% overall systematic error in the absolute un
calibration is not included in the error bars.
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a more detailed picture of the energy range near 40 me
(In order to obtain better counting statistics, the hig
temperature cross section at constant wave vector w
subtracted from the low temperature cross section at t
same wave vector, without a fullQ scan at each energy.
Since the phonon scattering is temperature independe
in this energy and temperature range, only magnet
scattering contributes to the difference spectrum.) Th
full width at half maximum of the difference spectrum
is DE , 10 meV, much broader than the instrumenta
resolutions,5 meVd, yielding an intrinsic energy width
of ,8.5 meV. The width of the unsubtracted spectrum
in Fig. 2(b) is also consistent with this value. Within
the errors, the full width at half maximum inQ space,
DQ , 0.25 Å21 at E ­ 39 meV, is identical to the
resonance width in the pure system (Fig. 1).

A series of constant-energy scans at energies 39 a
35 meV were carried out at temperatures up to,300 K
and fitted to Gaussian profiles. The fitted amplitudes fo
39 meV are plotted in Fig. 3; the data for 35 meV track
those of Fig. 3 to within the errors. This figure fully
reveals an even more dramatic difference of the spectra
the pure and Zn-substituted systems, already indicat
in Figs. 2(a) and 2(b). Whereas the magnetic respon
in the pure system (restricted to a single resonance pea
disappears in the normal state [4–6], Fig. 3 shows th
in YBa2sCu0.995Zn0.005d3O7 the magnetic spectral weight
actually persists up to,250 K. Furthermore, in both
underdoped and optimally doped systems, the magne
resonance peak follows a sharp, order-parameter-li
curve below Tc (Refs. [5–10]). By contrast, there is
at most a weak inflection point nearTc in the Zn-
substituted system. The influence of superconductivity o
the spin excitations, which is so clearly apparent in pur
YBa2Cu3O61x, is thus almost completely obliterated by
0.5% Zn substitution.

A further important comparison between the pure an
Zn-substituted materials is made possible by the absolu

FIG. 3. Temperature dependence of the dynamical suscep
bility at q0 ­ sp , pd and at the peak energy of the spectrum
s,39 meVd, in absolute units. The closed circles are the fitte
amplitudes of constant-energy scans; the open circles are
peak count rates.
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unit calibration. Since the resonance peak in the p
system is very sharp and comparable to the instrum
tal energy resolution, the appropriate quantity to co
pare is the energy-integrated magnetic spectral weigR

dv x 00sq0, vd, in the energy range probed by the ne
tron experiment. This quantity iss2.2 6 0.5dm2

B at low
temperatures in YBa2sCu0.995Zn0.005d3O7, as compared to
s1.6 6 0.5dm2

B in YBa2Cu3O7 [27]. [Note, however, that
in YBa2sCu0.995Zn0.005d3O7 only half of this intensity is
removed upon heating toTc, whereas in the pure system
no magnetic intensity is observable aboveTc.] As non-
magnetic impurities are added, the total energy-integra
spectral weight at aboutsp, pd thereforeincreasesin the
energy range probed by the neutron experiment, imply
that zinc restores antiferromagnetic correlations. In t
respect, the Zn-substituted system resembles the un
doped pure systemsx , 0.95d, where a normal state anti
ferromagnetic contribution exists [1,3,7]. Surprisingly,
the Zn-doped system this additional intensity appears
the same energy and wave vector range as the reson
peak in the pure system.

It is also interesting to compare the present data to p
vious neutron scattering work on more heavily Zn su
stituted cuprate superconductors [21–23]. The enhan
low energy excitations nearq0 ­ sp , pd reported for
these materials were not observed in our very lightly Z
substituted sample (bottom panel in Fig. 1). Howev
at higher energies a 2% Zn-substituted, fully oxygena
YBa2Cu3O7 sample investigated by Sidiset al. [21] ex-
hibits a spectral distribution closely similar to the on
shown in Fig. 2. The temperature evolution of the ma
netic intensity [7] is also consistent with the one report
here (Fig. 3).

In summary, the effect of substituting one out o
200 copper atoms by nonmagnetic impurities is drama
The total spectral weight nearq0 ­ sp, pd actually in-
creases and persists to higher temperatures while rem
ing centered at about 40 meV. On the other hand,
characteristic features of the resonance peak (i.e.,
sharpness in energy and its coupling to superconductiv
are obliterated. It is worth noting that in the underdop
regime, where the normal-state susceptibility is also e
hanced with respect to YBa2Cu3O7, the resonance peak
remains sharp and coupled to superconductivity [8–1
This aspect thus seems to be a manifestation of a d
cate coherence that is very easily disrupted by disord
While none of the theories of the resonance peak [1
16] has anticipated this behavior, it is reminiscent of t
extreme susceptibility of collective-singlet ground stat
in quasi-one-dimensional systems (realized, for instan
in spin-Peierls and spin-ladder materials) to nonmagne
impurities. A microscopic analogy between both syste
was pointed out by Fukuyama and co-workers [28], b
its consequences for the spin excitations have not
been evaluated. Viewed from a different angle, a grad
buildup of spectral weight belowT , 250 K (as shown
1941
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in Fig. 3) is also observed in underdoped YBa2Cu3O61x ,
where it is centered around a somewhat lower energy (2
30 meV) and goes along with the opening of the “spi
pseudogap” [3,26]. The strong temperature evolution
the normal states of both underdoped and disorder
YBa2Cu3O61x is obviously closely related to the reso
nance peak and should be part of a comprehensive th
retical description of the spin dynamics of the cuprates.

We are grateful for technical assistance provided b
D. Puschner. The work at Princeton University wa
supported by the National Science Foundation und
Grant No. DMR-9400362, and by the Packard and Slo
Foundations.

[1] J. Rossat-Mignodet al., Physica (Amsterdam)185C-
189C, 86 (1991).

[2] H. A. Mook et al., Phys. Rev. Lett.70, 3490 (1993).
[3] L. P. Regnaultet al., Physica (Amsterdam)235C-240C,

59 (1994); Physica (Amsterdam)213B-214B, 48 (1995).
[4] H. F. Fonget al., Phys. Rev. Lett.75, 316 (1995).
[5] P. Bourges, L. P. Regnault, Y. Sidis, and C. Vettier, Phy

Rev. B53, 876 (1996).
[6] H. F. Fonget al., Phys. Rev. B54, 6708 (1996).
[7] L. P. Regnault et al., in Neutron Scattering in Lay-

ered Copper-Oxide Superconductors,edited by A. Furrer
(Kluwer, Amsterdam, 1998).

[8] P. Dai et al., Phys. Rev. Lett.77, 5425 (1996).
[9] H. F. Fong, B. Keimer, D. L. Milius, and I. A. Aksay,

Phys. Rev. Lett.78, 713 (1997).
[10] P. Bourgeset al., Europhys. Lett.38, 313 (1997).
[11] I. I. Mazin and V. M. Yakovenko, Phys. Rev. Lett.75,

4134 (1995).
[12] N. Bulut and D. J. Scalapino, Phys. Rev. B53, 5149

(1996); G. Blumberg, B. P. Stojkovic, and M. V. Klein,
ibid. 52, 15 741 (1995); A. A. Abrikosov,ibid. 57, 8656
(1998).

[13] D. Z. Liu, Y. Zha, and K. Levin, Phys. Rev. Lett.75,
4130 (1995); F. Onufrieva, Physica (Amsterdam)251C,
1942
0–
n
in
ed
-
eo-

y
s
er
an

s.

348 (1995); A. J. Millis and H. Monien, Phys. Rev. B54,
16 172 (1996).

[14] L. Yin, S. Chakravarty, and P. W. Anderson, Phys. Re
Lett. 78, 3559 (1997).

[15] E. Demler and S. C. Zhang, Phys. Rev. Lett.75, 4126
(1995); S. C. Zhang, Science275, 1089 (1997).

[16] Y. Zha, V. Barzykin, and D. Pines, Phys. Rev. B54, 7561
(1996); D. K. Morr and D. Pines, cond-mat/9805107.

[17] F. F. Assaad and M. Imada, cond-mat/9711172.
[18] G. Xiao et al., Nature (London) 332, 238 (1988);

H. Maedaet al., Physica (Amsterdam)157C, 483 (1989).
[19] H. Alloul et al., Phys. Rev. Lett.67, 3140 (1991).
[20] V. A. Mahajanet al., Phys. Rev. Lett.72, 3100 (1994).
[21] Y. Sidis et al., Phys. Rev. B53, 6811 (1996).
[22] K. Kakurai et al., Phys. Rev. B48, 3485 (1993).
[23] M. Matsudaet al., J. Phys. Soc. Jpn.62, 443 (1993).
[24] T. R. Chien, Z. Z. Wang, and N. P. Ong, Phys. Rev. Le

67, 2088 (1991); D. A. Bonnet al., Phys. Rev. B50,
4051 (1994); Y. Fukuzumiet al., Phys. Rev. Lett.76,
684 (1996).

[25] D. Rezniket al., Phys. Rev. B53, R14 741 (1996); S. M.
Haydenet al., ibid.54, R6905 (1996).

[26] P. Bourgeset al., Phys. Rev. B56, R11 439 (1997).
[27] Note that, if the susceptibility is energy integrated

the energy range probed by the experimentand aver-
aged over the two-dimensional Brillouin zone, the resu
ing numbers,

R
dv

R
d2q x 00sq0, vdy

R
d2q ­ 0.028m

2
B

in YBa2sCu0.995Zn0.005d3O7 and 0.020m
2
B in YBa2Cu3O7,

come out much smaller than the corresponding nu
ber 2p

3
sss 1 1dg2m

2
B required by the total moment sum

rule for an insulatings ­ 1
2

antiferromagnet with two
spins per unit cell. In deriving these numbers, we us
the full width at half maximum in momentum space
which is 0.25 Å21 in both materials. Note also that
in underdoped materials where the spin excitation sp
trum is much broader in energy, it is often convenie
to quote the Brillouin zone averaged (local) suscep
bility

R
d2q x 00sq0, vdy

R
d2q without integrating over

energy [26].
[28] N. Nagaosaet al., J. Phys. Soc. Jpn.65, 3724 (1996);

H. Fukuyama, T. Tanimoto, and M. Saito,ibid. 65, 1182
(1996).


