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q dependence of the dynamic susceptibility x''(q, ») in superconducting YBa,Cu;0¢ ¢ (T. =46 K)
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q-dependent neutron-scattering measurements of the dynamic susceptibility x"'(q, ) in superconduct-
ing YBa,Cu;Og ¢ are presented. The observed magnetic scattering near the antiferromagnetic zone
center has a nontrivial, approximately flat-topped q dependence. A separable model of the susceptibili-
ty, x"'(q,@)=x"(®w)F(q), is found to describe this scattering at all energies in the range 2 meV =#iw =40
meV. Measurements at temperatures above and below T, =46 K indicate that the q-dependent “shape”
function, F(q), is the same in both the superconducting and normal states. A phenomenological expres-
sion for F(q) is presented and the physical significance of its parametrization is discussed. These results

are compared with current theories in the literature.

I. INTRODUCTION

The ubiquitous presence of antiferromagnetic spin fluc-
tuations in the high-T, cuprates has generated a great
deal of interest in the role played by magnetism in these
compounds. Inelastic neutron-scattering measurements,
which directly measure the energy and q dependence of
the imaginary part of the dynamic spin susceptibility,
x"(q,0), have been particularly useful in determining
which features of y''(q,») are shared by these materials
and which are particular to a given chemical composi-
tion. Comparison of these similarities and differences,
particularly in La, 4sSry;sCuO, and ‘“‘underdoped”
YBa,Cu;04.,,, has placed strong constraints on theories
describing these oxides.

The energy dependence of x''(q,®) at low temperatures
exemplifies the similar magnetic character of these cu-
prates. In both superconducting La, 3;Sry ;sCuO, (Refs.
1 and 2) and YBa,Cu,0q, ,,** the 2d integrated suscepti-
bility, y3(@)= f d?qx"'(q,), is strongly suppressed at
low energies. This reduction is accompanied, at higher
energies, by an enhancement of x5, (w) relative to the sus-
ceptibilities measured in the undoped antiferromagnetic
compounds La,CuO, and YBa,Cu;04.°

In contrast, the q dependences of x''(q,w) observed in

these materials are surprisingly different. In
La, 3sSry ;sCuO,, the magnetic scattering is incommensu-
rate with the underlying crystal lattice, with four, sharp
rods of scattering symmetrically located about the 2d an-
tiferromagnetic zone center at (3£§,1,/) and
%,%i&,l ).%7 The width of the scattering from these 2d
rods is observed to increase with increasing energy and
more weakly, with increasing temperature.’® In
YBa,Cu;04., ., the magnetic scattering is broadly peaked
about the antiferromagnetic zone center, with an overall
width comparable to the incommensurate splitting ob-
served in La, 4sSry ;sCuO,. A number of experiments
have suggested that the temperature and energy depen-
dence of the width of this scattering is very weak.*°
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Previous neutron studies of YBa,Cu;0q,, have largely
used a single Gaussian to model the q dependence of
¥"'(q,0). However, work by Tranquada et al. on a
T.=53 K, YBa,Cu;O4¢ crystal (labeled #30b) has
shown, at an energy transfer of AE =15 meV, that the
magnetic scattering has more of a flat-topped shape. The
nontrivial q dependence of this data, and recent theoreti-
cal interest in the evolution of the q dependence of
x"(q,0) with changing temperature and energy, have
motivated a more in-depth study of the dynamic suscepti-
bility in YBa,Cu;O¢ .

In this paper we present detailed measurements of the
q dependence of x'"(q,w) in superconducting
YBa,Cu,04 6. Measurements were performed at a num-
ber of transfer energies between AE =2 meV and AE =40
meV at temperatures T=10 K (<T,) and T=60 K
(>T,). Our results demonstrate that the dynamic sus-
ceptibility can be written as the separable product of
energy- and momentum-dependent terms,
x'(q0)=x"(0)F(q) in this temperature and energy
range. A phenomenological shape function, F(q), is
presented and the physical significance of its parametriza-
tion is discussed. Results demonstrating the identical
character of F(q) in the normal and superconducting
states are also presented. We conclude with a compar-
ison of our results with outstanding theories in the litera-
ture.

II. EXPERIMENTAL DETAILS

The crystal used for these measurements, labeled #46,
was grown at Nagoya University. It has a 1.2° mosaic
and a volume of ~1 cm3.'% Ac susceptibility measure-
ments indicate a superconducting transition temperature
of T,=46 K. Lattice constants measured on a calibrated
spectrometer at room temperature are a =3.840 1"\,
b=3.878 A, and ¢ =11.727 A.

The measurements were performed on the HS8 triple-
axis spectrometer at Brookhaven National Laboratory’s
High Flux Beam Reactor. The (002) reflection of pyro-
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lytic graphite was used to monochromate and analyze the
incident and scattered beams. Except where noted, mea-
surements were done using a 40°-40’-S-80’-80” horizontal
and 60’-75’-5-190’-420” vertical collimation configuration
and a fixed final energy, E,=14.7 meV. A pyrolytic
graphite filter was used to remove higher-order (A/n)
contamination from the scattered beam. The crystal was
mounted on the cold finger of a Displex helium refrigera-
tor in an aluminum can backfilled with helium exchange
gas. The sample was oriented with the [110] axis normal
to the scattering plane to allow the study of momentum
transfers qE€(h,h,l).

The magnetic fluctuations in superconducting
YBa,Cu;04 , are predominantly 2d in character. How-
ever, the finite coupling between CuO, bilayers results in
a sinusoidal modulation of the scattering intensity,
J(q,w), with momentum transfers normal to the CuO,
planes:*

J(q,0)~[n(w)+1][x"(q,0)sin*(7lz)] .

Here n(w) is the Bose occupation function and
z-¢=3.342 A is the distance between adjacent copper-
oxide planes. With the sin’( ) modulation term explicitly
factored, x''(q,) is only weakly dependent on momen-
tum transfers parallel to the reciprocal-lattice vector c*.
As the modulation along c* is both energy and tempera-
ture independent, most of our data were taken at

/= —1.8 to maximize the measured scattering intensity.
Measurements at AE =30 and 40 meV required larger
momentum transfers, / = —5.4, to close the spectrometer

scattering triangle.!!
III. EXPERIMENTAL RESULTS

In Fig. 1 we show the scattering intensity measured at
T=10 K along q=(h,h,—1.8) at constant energy
transfers of AE=6, 9, 12, 15, and 18 meV and along
q=(h,h,—5.4) at AE=30 meV. The weak intensities
observed at AE =6 meV, and to a lesser extent, AE=9
meV, reflect the suppression of the low-energy scattering
at low temperatures due to the Agg~6-meV spin “pseu-
dogap” in this crystal.*® The effect of this gap on the en-
ergy dependence of '’ at T=10 K is shown, with compa-
rable data from a similar crystal (#30b T,=53 K),’ in
Fig. 2. Here we concentrate on the q-dependent shape of
the observed magnetic scattering. The AE =12, 15, and
18 meV spectra of Fig. 1 evince the same flat-topped form
first observed by Tranquada et al.* At AE=30 and 40
(not shown) meV, the data appear more rounded. How-
ever, this dependence of the line shape on energy is large-
ly an artifact of the energy dependence of the spectrome-
ter resolution. The full width at half maximum (FWHM)
g-space extent of this resolution along the zone diagonal
(scan direction) is shown for each energy in Fig. 1. To
determine whether variations in the q dependence of
x"(q,w) with energy can be entirely attributed to instru-
mental effects, a separable expression for the dynamic
susceptibility,

x'(q,0)=x"(w) F(q) (1)

was convoluted with the spectrometer resolution to fit
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FIG. 1. Constant energy scans at T=10 K along {(h,4,1)|0:
I=—1.8, ® [=—5.4}. The solid lines are fits to the data us-
ing a constant, energy-independent shape function, F(q). The
spectrometer resolution at each energy along the scan direction
is also shown.
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FIG. 2. x"(w) vs o at 10 K. (@): Amplitudes from Fig. 1.
(0): Results of peak intensity measurements on a similar crystal
(Ref. 9).



these measurements.!> As shown by the solid curves
through the data, a global fit to this product of a single,
energy-independent shape function, F(q), and an
energy-dependent amplitude, ¥''(w), results in a surpris-
ingly good fit, X246 =1.73. The quality of this fit indi-
cates that the q dependence of our data is, within error,
independent of energy.

The phenomenological shape function used in these
fits,

F(q)=e—ln2-(|q|'B)2/(a—B)2 , 2)

provides a convenient parametrization of the half width
at half maximum (HWHM) extent of the scattering, a,
and a measure of the offset, B, of the peak in x''(q,w)
from the zone corner, (3,1,/). For the global fit shown in
Fig. 1, these parameters are a=0.155(3) A~! and
B=0.067(4) A ~!. In Fig. 3, we graph Eq. (2) using these
fit values for a and 8. Though the form of this function
has no a priori physical justification, the nontrivial q
dependence of F(q) suggests two distinct possibilities for
the underlying scattering: (1) the scattering is single
component, albeit with a complex line shape; or (2) the
scattering is the sum of incommensurate contributions as
shown, for instance, in the inset to Fig. 3.

In the first case, Eq. (2) provides a much better fit to
the data than conventional Gaussian or Lorentzian-
squared line shapes. This is illustrated by fits of the
AE =15-meV data to these line shapes, shown in Fig. 4,
which demonstrate that Eq. (2) better accounts for both
the flat-topped character of x"(q,®) near (1,4, —1.8) and
the absence of Lorentzian-like “tails” in the measured
spectra. The HWHM q widths that characterize this
scattering are strongly dependent on the choice of shape
function. As discussed below, this dependence is particu-
larly important to the proper analysis of NMR spin-
relaxation data on these systems. These HWHM values

(hhi)

FIG. 3. The shape function F(q) drawn with the global fit
parameters, @=0.155(3) A ~! and B=0.067(4) A ~!, from the
data of Fig. 1. (#1): Spectrometer resolution with
60’-75°-S-190°-420° and (#2): 60°-75-S-190°-40’ vertical col-
limation. (inset) Some possible geometries for the underlying
structure of F(q).
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FIG. 4. T=10 K, AE=15-meV data fit with Eq. (2), a
Gaussian, and a Lorentzian-squared line shape. Equation (2)
better models the central flat-topped character and sharp falloff
with g of the observed scattering.

and the parameters from these fits are summarized in
Table I.

Investigation of the latter possibility, that the scatter-
ing is the sum of multiple components, is hindered by
finite spectrometer resolution. This is illustrated in Fig. 3
which shows the FWHM projection of the spectrometer
resolution ellipsoid, labeled #1, corresponding to the
measurement configuration used in the 15-meV scan of
Fig. 4. The relatively large width along the major axis of
this ellipse, FWHM =0.146 A ~!~2X g8, which is due to
the relaxed vertical collimation used in these measure-
ments, tends to average over any variations in the de-
tailed structure of F(q) such as those shown in the inset
to Fig. 3. Efforts to better characterize F(q) were made
by tightening the resolution with a 60’-75’-S-190’-40°
vertical collimation configuration as shown in Fig. 3, #2.
However, as shown in Fig. 5, the resulting data are readi-
ly fit using Eq. (2) and do not offer any additional con-
straint to the underlying form of F(q). Unfortunately,
the benefits of further reducing the resolution volume are
limited by a concommitant drop in scattering intensity.

Representative normal state, T=60 K, data at AE =2,
18, and 30 meV are shown in Fig. 6. To reduce back-
ground, the 2-meV data were taken using a fixed incident

TABLE I. x? and fit parameters from the data in Fig. 4. The
resulting HWHM q width of the scattering is highly dependent
on the choice of fit function.

2 parameters H\ZVHM
Fla) X (rlu) A1)
a=0.068(2)
Eq. (22) . 1.8 5=0.03103) 0.156(5)
e M 2.5 kg =0.059(3) 0.136(7)
m 34 x=0.080(6) 0.118(8)
1
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FIG. 5. AE=12-meV  measurements with (O):

60’-75’-S-1907-420° and (@): 60’-75’-S-190’-40’ vertical collima-
tion. The higher-resolution data do not reveal any additional
features in F(q).

energy, E;=14.7 meV, spectrometer -configuration.
These data clearly have a q dependence similar to that
observed in the T=10-K data of Fig. 1. A global fit to
these spectra and additional data at AE=6, 9, 12, and 15
meV result in parameters for Eq. (2), a=0.151(4) A -1
and f=0.062(6) A ~!, that are in good agreement with
the 10-K values. This result suggests that the shape func-
tion F(q) is unaffected by the superconducting transition
at T.=46 K. We note that this normal/superconducting
state similarity occurs for energy transfers both above
and below the spin pseudogap.

IV. CONCLUSION

Our measurements extend the preliminary shape re-
sults of Tranquada er al.* and demonstrate that the q
dependence of x'(q,w) has nontrivial structure for all en-
ergies 2 meV < AE <40 meV. Our principal conclusion is
that this q dependence is independent of energy in this
range. We stress that this independence contrasts with
the energy variation of F(q) observed in superconducing
La, 4sSr, sCu0O,.® In addition, measurements at T=10
K and T=60 K show that the same parametrization of
Eq. (2), or the same shape function, can be used to fit data
in both the superconducting and normal states. The un-
derlying symmetry and detailed structure of F(q) remain
open questions. The relatively tight vertical resolution
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FIG. 6. Constant energy scans at 7=60 K. Solid lines are
fits using the same parametrization of F(q) as used in the 10-K
data of Fig. 1.

data of Fig. 5 indicate that any additional features in the
q dependence of ¥ (q,w), if present, are quite subtle.

These observations strongly constrain theories of the
underdoped cuprates. For instance, in contrast to the ob-
served energy independence of F(q) presented in this pa-
per, the q width of the phenomenological Millis, Monien,
and Pines susceptibility,13

- XQ
1+¢%2—i(w/og)

x(q,w)

is strongly dependent on energy at frequencies compara-
ble to the characteristic spin-fluctuation energy, wgg. As
the fits presented in Fig. 4 and Table I demonstrate, the
Lorentzian-squared line shape resulting from this model,
which is commonly used to analyze NMR data,'>'* also
fails to describe the q dependence of our neutron-
scattering results. Barzykin et al.!’ have found that the
explicit addition of a gap to this expression,

- XQ
1+¢22—0? /A —i(w/wg)

x(q,@)

both models the observed spin pseudogap and results in a



mildly incommensurate q dependence similar to the flat-
topped character of our data. However, as noted by the
authors,!® this model requires that the offset of the peak
in x"(q,») from q=(4,1,1) have an energy dependence

of the form
B=V(0*—A?)/c

when @ 2 A. For plausible values of the gap, A, and “‘ve-
locity,” ¢ ~&-A, this equation would result in a dramatic
energy dependence of F(q) which we clearly do not ob-
serve.

We note that recent calculations by Millis and
Monien!* show that the use of a Gaussian line shape,
which falls rapidly with q, in preference to a Lorentzian-
squared line shape, leads to better agreement with ob-
served O'7/Cu® NMR relaxation rates. This conclusion
is supported by our data, which are more readily fit with
a Gaussian than a Lorentzian-squared line shape as
shown in Table I. We believe that a similar calculation
employing Eq. (2) might further clarify the NMR results.

Emery and Kivelson!” have suggested that frustrated
phase separation might be responsible for superconduc-
tivity in the cuprates. In their model, the behavior of
x"'(q,w) is produced by fluctuations of hole-poor magnet-
ic regions induced by interactions with mobile holes. In
particular, they argue that the susceptibility can be writ-
ten [Eq. (4), Ref. 17] as a separable product of terms in
which the q dependence, which is governed by the anti-
ferromagnetic cluster size, is independent of energy and
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temperature. The agreement of this result with both the
form of Eq. (1) and the identity of F(q) in the supercon-
ducting and normal states indicates that electronic phase
separation may well be important in these systems.

Experiments are currently underway to determine the
overall symmetry of x"'(q,®) in YBa,Cu;04, ,. Compar-
ison with the fourfold, (}+8,1,1)/(3,+£8,1) scattering
symmetry observed in La; 3sSr; ;5CuO, should clarify the
nature of the mechanism responsible for the magnetic
response of these materials. An experimentally more
difficult question is the characterization of the underly-
ing, possibly incommensurate, structure of F(q) in
YBa,Cu;0q, .. Though efforts to address this issue have
proven unsuccessful in the crystal examined in this paper,
similar measurements on YBa,Cu;O¢,, samples with
different oxygenation levels may shed more light on this
matter.
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