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Neutron-scattering study of magnetic fluctuations in Zn-substituted YBa2Cu306 6
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Inelastic-neutron-scattering measurements of magnetic fluctuations in YBa2Cu2 9Zno &06 6 as a func-
tion of temperature are presented. In this nonsuperconducting sample magnetic fluctuations at (~, m ) are
observed at all temperatures (10& T &200 K) and energies (2 & E & 12 meV) studied in the experiment.
This finding should be contrasted to the situation in pure, superconducting YBa2Cu306 6, where the
low-energy (E & 5 meV) spin fluctuations are suppressed at low temperature leading to gaplike behavior.

INTRODUCTION

To study the nature of the superconductivity in the cu-
prate superconductors, it is convenient to vary the prop-
erties of the Cu02 planes, the structural elements crucial
for the unusual behavior of these materials. In
YBa2Cu306+„, the hole doping of the planes can be
changed by varying the concentration of oxygen in the
CuO chains. ' Alternatively, one can modify the com-
pounds by substituting other transition metal ions for
copper. A particularly interesting dopant is Zn, a non-
magnetic ion which is known to substitute primarily for
the planar coppers. ' While the addition of Zn rapidly
suppresses the superconducting transition temperature
T„x-ray absorption studies at the 0 K edge have
shown that Zn substitution causes little change in the
density of hole states (i.e., the reduction of T, is not sim-
ply due to a filling of the holes induced in the planes by
the chain oxygens. )

Most studies of Zn doping YBa2Cu306+ have concen-
trated on the most highly oxidized material, with x —1.
Recently Alloul et al. presented a study of
YBa2Cu3 ~Zn~O6+„ for a fixed p of 0.12 as a function of
oxygen content x. Using Y nuclear magnetic resonance
(NMR) as a probe of local magnetic properties, they es-
tablished the phase diagram shown in Fig. 1. They also
observed that the temperature dependence of the Knight
shift of the Y line is qualitatively quite similar to that of
a pure sample with the corresponding oxygen content.
For x & 0.5, the main effect of the Zn doping was to in-
duce a line broadening at low temperatures indicative of
the formation of static local moments.

A remarkable feature of the Knight shift in both pure
and Zn-doped samples with oxygen content x in the
range 0.5 to 0.7 is its rapid decrease with decreasing tem-
perature. A nearly identical temperature dependence is
observed in the nuclear spin-lattice relaxation rate mea-
sured on ' O in pure sample with x =0.63. One way of
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FIG. 1. Schematic T& and T, phase diagram of pure and
Zn-doped YBa~Cu306+ (after Ref. 5). The sample used in this
experiment is indicated by the arrow.

interpreting this unusual behavior of the spin susceptibili-
ty is the formation of a gap in the spin excitations. The
anomalous temperature dependence in the Cu spin relax-
ation rate can be also understood within this picture.
Neutron scattering studies " have shown that the
anomalous variation with temperature of the imaginary
part of the spin susceptibility, y", is associated with an
energy gaplike structure. Since this magnetic anomalous
behavior observed in the Y Knight shift measurement is
qualitatively not changed upon Zn doping, which des-
troys the superconductivity, Alloul et al. concluded that
the magnetic anomalies are not associated with the super-
conducting pairing nor superconducting gap.

In this paper we present a neutron scattering study of
y"( Q, co ) in a nonsuperconducting single crystal of
YBa2Cu2 9Zno &06 6, and compare with recent results on
a pure crystal with the same oxygen content. ' '" In con-
trast to the conclusion drawn from the NMR results, the
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gaplike structure in the spin Auctuations is completely
absent in our Zn-doped crystal; instead, a significant
enhancement of g" is observed at low frequencies. While
the frequency dependence is reminiscent of that in a sam-
ple with antiferromagnetic spin correlations over a
significant range, ' the Q width of the inelastic scattering
about the antiferromagnetic wave vector is similar to that
of the pure sample, indicating the inAuence of the chain-
induced holes. The Zn doping which destroys the super-
conductivity in our sample clearly has a dramatic effect
on the dynamical spin fluctuations.

SAMPLE

The Zn-doped crystal used in this study was grown at
Nagoya University by a method described in detail else-
where. ' The only difference was that the cooling rate
was reduced (i.e., slower cooling) compared to the previ-
ous crystal growths to obtain better quality single crys-
tals. In the starting material Zn to Cu ratio was 0.25 to
2.75. After the crystal growth a part of the single crystal
ingot was examined by electron-probe microscopic
analysis (EPMA) and the Zn content was determined to
be 0.0955. Probably because of the slow cooling rate
EPMA indicated also some Al contamination from the
Alz03 crucible.

The middle part of the ingot was then annealed at
650 'C in the air for seven days together with a pure refer-
ence sample. After the anneal the pure sample showed a
T, of 50 K, while the Zn-doped crystal in contrast
showed hardly any sign of superconductivity down to 10
K.

To characterize the effects of Zn-doping the lattice
constants of the single crystal are compared with the lat-
tice parameters determined using Zn-doped powder sam-
ple. ' The oxygen deficiencies of the powder samples
with different Zn doping were determined by measuring
the weight losses after quenching from different annealing
temperatures. The lattice constants were then deter-
mined by powder x-ray diffraction method. The results
are summarized in Fig. 2, from which one can conclude
that there is little change of the lattice constants caused
by Zn doping up to y =0.12 at all oxygen contents. The
broken lines indicate the earlier results for pure sam-
ples. ' Because the c lattice parameter is known to be in-
sensitive to Al contamination, ' the oxygen content of the
single crystals can be deduced reliably from the c lattice
parameter.

The lattice constants of the sample used in this experi-
ment were determined by x-ray powder diffraction
to be a =(3.881+0.003)A, b =(3.841+0.003)A, and
c = ( 11.733+0.004)A.

This c parameter corresponds to an oxygen content of
6.56+0.02, consistent with the oxygen content expected
from the annealing condition as mentioned above. The
lattice constants of the sample used in this experiment are
indicated by shaded circles marked with an arrow in Fig.
2.

To estimate the possible Al contamination we studied
the lattice parameters of small pieces taken from the Zn-
doped single crystal and heat treated to have different ox-
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FIG. 2. Lattice constants of YBa2Cu3 yZny06+&

Exp KRIMKNT

The experiment was performed on the triple axis spec-
trometer &4M at the High Flux Beam Reactor (HFBR)
located at Brookhaven National Laboratory. The (002)
refiection of pyrolytic graphite (PG) was used both for
the monochromator and analyzer. Scans with different
energy transfers and a fixed final energy of Ef = 14.7 meV
were performed. After the sample, a PG filter was used
to suppress the higher-order contaminations. Horizontal

ygen contents. The results are indicated by the shaded
circles in Fig. 2. As can be seen, the orthorhombicity of
the Zn-doped 06+ samples with 0.56&x &0.9 is very
close to that of the pure sample. Since the orthorhombi-
city is known to be very sensitive to the Al contamina-
tion, ' the actual Al contamination in this single crystal is
very small indeed.

To check the Zn doping of the single crystal, other
physical properties of these differently oxidized crystals
were studied. The sample reduced to 06 &

shows antifer-
romagnetic order with T&=370+2 K. The sample oxy-
genated to 06 9 becomes superconducting with an onset
temperature of 60 K. These findings of the Zn-doped sin-
gle crystals with different oxydizations are in agreement
with the powder phase diagram by Alloul et al. and
justifies the direct comparison of the following neutron
scattering results with their NMR measurements. The
location of our sample in the phase diagram is indicated
in Fig. 1 by an arrow.
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RESULTS AND DISCUSSION

In Fig. 3 the spectra for fixed energy transfers of 2 to
12 meV at T=9.5 K measured across the AF rod are
shown. The data are corrected for the systematic nor-
malization error caused by the higher-order contamina-
tion seen by the incident beam monitor. These spectra
are to be compared to Fig. 1 of Ref. 11. As can be seen
there is a striking difference in the low-energy Auctua-
tions between the pure and the Zn-doped sample. While
the fluctuations at E= 3 meV are suppressed in the pure
sample, in the Zn-doped sample we can clearly observe
strong Auctuations persisting down to the lowest energy
transfer of E =2 meV.
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collimations were 40'-40'-80'-80'. The sample was orient-
ed with its [110] and [001] axes in the scattering plane.
This orientation allows one to scan along and across the
two-dimensional (2D) antiferromagnetic (AF) rod, locat-
ed at ( —,', —,', 1), at different energies.

In Fig. 4 the intensity modulation along the rod at
E=2 meV is depicted. This modulation is due to the
structure factor of the "acoustic" spin-Auctuation mode
caused by the bilayer coupling of the neighboring CuOz
planes. ' This clearly indicates that the signal at E=2
meV is magnetic and originates from coupled 20 CuOz
planes.

The solid lines in Fig. 3 are Gaussian fits to the spectra.
The horizontal instrumental resolution is indicated by the
horizontal bar, and it can be seen that the observed
widths are mostly intrinsic. We also checked that the in-
tensity corrections due to the vertical divergence are less
than 5%. In what follows we therefore assume that the
resolution correction can be neglected.

In Fig. 5 a summary of the Gaussian fit results is given,
depicting the maximum intensity (I,„) [Fig. 5(a)] and
half width at half maximum (HWHM) [Fig. 5(b)] for
different temperatures and energies. Figure 5(b) shows
that the observed widths are almost independent of the
temperatures and energy transfers studied. Therefore the
maximum intensities in Fig. 5(a) can be regarded as
directly proportional to the temperature- and energy-
dependent integrated intensities of magnetic fluctuations,

S(co)=fS(q, co)dq ~I,„(co) .

Since the imaginary part of the dynamic susceptibility is
related to the integrated intensity by the detailed balance
factor, we obtain

y"(~)=S(~)(1—e """
) ~I,„(co)(1—e " ~

) .
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It is obvious that at 10 K the dynamic susceptibility in
this Zn-doped sample increases with decreasing energy
transfer down to 2 meV. This is in contrast to the pure
YBazCu306 6 behavior, where a gaplike structure in the
magnetic excitations is seen. " To make this clear Fig.
6 shows the energy dependence of g" at T=10 K. The
open and closed points are for the Zn-doped sample and
the squares are the data of the pure sample. ' The nor-
malization of the intensities between the two different sets
of data is performed using the intensity of the longitudi-
nal acoustic phonon at Q=(0, 0,6.25). The uncertainty
of the normalization is of the same order as the error
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FIG. 3. Constant energy scans at various energies at T=10
K along (h, h, —1.8). The solid lines are the results of a fit to a
single Gaussian.
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FIG. 5. Summary of the Gaussian fit results. (a) I,„at vari-
ous energies for different T. (b) HWHM at various energies for
different T.

bars. Obviously the quasienergy gap at low T observed in
the pure sample disappears upon Zn doping, at the same
time as the superconducting property is destroyed. The
main weight of the spectrum observed around an energy
transfer of 30 meV in the pure sample appears to be shift-
ed towards lower energy in the Zn-doped sample.

This behavior is in contrast to the recent conclusions
drawn by Alloul et al. from the NMR Knight shift re-
sults. The Knight shift measures the real part of the spin
susceptibility for Q and co equal to zero, y'(0, 0). Similar-
ities in the temperature dependences of the observed
Knight shifts for Y, 0, and Cu and nuclear spin-lattice
relaxation rates for 0 and Cu for pure YBa2Cu306+„
have suggested the relationship'

FIG. 6. y"(co) at T=10 K. The squares are the data of the
pure YBa2Cu306 6 (Refs. 9 and 10).

y'(0, 0) at low temperature has become associated with
the gaplike behavior observed for T, -60 K samples. Al-
loul et al. argue that the similar T dependence of the Y
Knight shifts observed for their x -0.6 samples with and
without Zn doping indicates that the magnetic anomalies
such as the spin fluctuation gap are not directly associat-
ed with the appearance of superconductivity. To the con-
trary, our results indicate that the suppression of super-
conductivity by Zn doping leads to the disappearance of
the gaplike behavior and the emergence of strong low-
frequency spin fluctuations. This suggests that g'(0, 0) is
an unreliable indicator for anomalies in g"(Q, co).

It is noteworthy that the Q width of the magnetic
scattering in the Zn-doped sample is very similar to the
pure sample. The similar Q width of the magnetic
scattering in the pure and Zn-doped 06 6 crystals indi-
cates that the typical size of antiferromagnetically corre-
lated regions is the same in the two samples. The Zn-
doping causes the increase in low-energy fluctuations
without increasing the magnetic correlations. This is
di6'erent to the pure 064 case which shows similar low-
energy fluctuations but with markedly larger antiferro-
magnetic correlations. To understand the origin of the
low-energy Auctuations in the Zn-doped sample the tem-
perature and energy dependence of y" are considered in
more detail.

Recently it has been found that the susceptibility in the
normal state of the nearly metallic cuprate systems
displays an universal behavior when plotted versus scaled
temperatures E /T, ' ' namely

y2'D(co, T ) =go(co, O) —tan
'jj

where the dynamics of antiferromagnetically correlated
Cu spins are modeled by the function g(Q). Actually,
this form is inconsistent with neutron scattering results
on pure samples with reduced oxygen contents, where a
gaplike behavior is observed in the frequency dependence
of g"(Q, co), with distinct T dependences above and
below the gap energy. ' Nevertheless, the decrease in

where yo(co, O) is a normalization factor which turns out
to be the low-temperature value of y" for a given energy
transfer. The pure YBa2Cu306 6 sample shows a clear
deviation from this universal behavior for small energy
transfers because of the quasigap structure. " Figure 7
shows the result of the scaling behavior in the Zn-doped
YBa2Cu306 6 sample; fitting the data yields A =1.0+0. 1.
Unlike in the pure case the scaling is obeyed over all the
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FIG. 7. Scaled y" vs T/E. The solid line is the best fit to Eq.
(1) with A =1.0+0. 1. The inset shows the normalization fac-
tors yo(co, 0) used for this scaling.

energy transfers studied. The normalization factor used
for this scaling is depicted in the inset. One notes that
yp(co, 0) is enhanced at low energies, qualitatively very
similar to the behavior observed in La, 94Srp p6CUOg (Ref.
20) and YBa2Cu306 & (Refs. 12 and 22) in the same ener-

gy range, although the enhancement may be less
significan in the latter case. Obviously the Zn doping
enhances g" for small energy transfers as seen in the nor-
mal state of the nearly metallic cuprate systems. But the
unchanged antiferromagnetie correlation length upon Zn
doping as mentioned above indicates that this enhance-
ment in g" occurs without reducing the hole eoneentra-
tion in the Cu02 planes. (The conclusion that the hole
concentration is unchanged by the presence of Zn is con-
sistent with x-ray absorption results and the magnitude
of the Y Knight shift. ) An effective mechanism must
exist to enhance the low-energy spin fluctuations which
at the same time leads to the destruction of the supercon-
ductivity.

The effectiveness of the nonmagnetic Zn dopants in the
Cu02 plane indicates that this is not merely a diluting
effect. The drastic change in the low-energy spin Auctua-
tions suggests that the characteristic electronic structure
of the supereonducting sample is modified by the ran-
domness introduced by the Zn doping. Two possible
physical pictures are suggested.

(a) The quasigap in spin fluctuations is associated with
formations of singlet pairing of Cu spins, a prerequisite to
the superconducting state within the frame of the mean-
field theory based on the t-J model. The Zn doping
prevents the formations of these singlets and hence elimi-
nates the superconductivity.

(b) The dynamically correlated regions are pinned by
the Zn impurities. The pinning leads to a quasistatic
component of the correlations which increases with de-
creasing temperature. The pinning and the slow Auctua-
tions are consistent with the increased linewidth observed
in the Y NMR study. Some hints on the physical pic-
ture may be obtained by studying the magnetic fiuctua-
tions in the Zn-doped sample with different oxygen con-
tents. Neutron scattering studies addressing this issue
are under way.

In summary, the above neutron scattering results une-
quivocally demonstrate that the quasigap behavior in
spin fluctuations at (m. , m. ) in the pure, superconducting
YBa2Cu306 6 is drastically changed upon Zn doping. The
low-energy spin Auctuations are strongly enhanced and
thus the quasigap behavior disappears. Because the su-
perconductivity disappears at the same time, a relation-
ship between the anomalous behavior in magnetic Auc-

tuations at (m, rr) and the superconductivity is near at
hand. This is further supported by the fact that the pre-
liminary results on Zn-doped YBa2Cu30«with an onset

T, =60 K now under study clearly show a suppression of
the low-energy magnetic fluctuations at (rr, rr) at low T.
This finding may seem to contradict the conclusion
drawn by Alloul et al. from the results of Y NMR .

Knight shift measurements on Zn-doped Y-Ba-Cu-O, but
can be understood when the differences between the two
methods are considered.
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