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Nearly Singular Magnetic Fluctuations in the
Normal State of a High-T, Cuprate
Superconductor

G. Aeppli, T. E. Mason,” S. M. Hayden, H. A. Mook, J. Kulda

Polarized and unpolarized neutron scattering was used to measure the wave vector—and
frequency-dependent magnetic fluctuations in the normal state (from the supercon-
ducting transition temperature, T, = 35 kelvin, up to 350 kelvin) of single crystals of
La, g6Srg 14CuU0,. The peaks that dominate the fluctuations have amplitudes that de-
crease as T2 and widths that increase in proportion to the thermal energy, kT (where
kg is Boltzmann’s constant), and energy transfer added in quadrature. The nearly singular
fluctuations are consistent with a nearby quantum critical point.

The normal state of the metallic cuprates
is as unusual as their superconductivity. For
example, the electrical resistivity of samples
with optimal superconducting properties is
linear in temperature (T) from above 1000
K to the superconducting transition tem-
perature, T (1}. Correspondingly, infrarcd
reflectivity reveals charge fluctuations with
a characteristic energy scale that is propor-
tional only to T (I, 2). Furthermore, the
effective number of charge carriers, as mea-
sured with the classic Hall effect, is strange-
ly T-dependent. Even so, the Hall angle, a
measure of the deflection of carriers in the
material by an external magnetic field, fol-
lows a T2 law (3). Thus, the metallic
charge carriers in the doped cuprates exhib-
it peculiar but actually quite simple proper-
ties (4) in the normal state. Moreover,
these propertics do not vary much between
the different high-T_ tamilies.

Electrons carry spin as well as charge, so it
is reasonable to ask whether the normal state
magnetic properties derived from the spins are
as simple and universal as those derived from
the charges. Experiments to probe the spins
include classical magnetic suscepromerry,
where the magnetization in response to a ho-
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mogeneous external magnetic ficld is mea-
sured, and resonance experiments, where nu-
clear dipole and quadrupolar relaxation is used
to monitor the atomic-scale magnetic fluctu-
ations. The spin-sensitive measurements yield
more complex and less universal results than
those sensitive to charge, and do not scem
obviously related to the frequency-dependent
conductivity o(w,T) (where w is frequency),
probed in electrical, microwave, and optical
experiments. In particular, there is little evi-
dence for magnetic behavior that is as nearly
singular in the sense of diverging (for T —0)
amplitudes, time constants, or length scales,
as the behavior of o(w,T).

We report here neatly singular behavior
of the magnetic fluctuations in the simplest
of high-T. materials, namely, the com-
pound La,  Sr.CuO,, whose fundamental
building blocks are single CuO, layers. The
experimental tool was inelastic magnetic
neutron scattering. A beam of mono-ener-
getic neutrons is first prepared and then
scattered from the sample, and the outgoing
neutrons are labeled according to their en-
ergies and directions to establish an angle
and energy-dependent scattering probabili-
ty. Because the neutron spin and the elec-
tron spins in the sample interact through
magnetic dipole coupling, the cross section
is directly proportional to the magnetic
structure  function, S(Q,w), the Fourier
transform of the space- and time-dependent
two-spin correlation function. The momen-
rum and energy transfers Q and o are sim-
ply the differences between the momenta
and the energies of the ingoing and outgo-
ing neutrons, respectively. According to the
fluctuation-dissipation theorem, S(Q,w) is
in turn proportional to the imaginary part,

93-20892 and NSF cooperative agreement DMR
91-20000 through the Science and Technology
Center for Superconductivity. C.K. acknowledges
support from the U.S. Office of Naval Research.

10 June 1997; accepted 29 August 1997

X"(Q,w), of the generalized linear magnetic
response x(Q,w). The bulk susceptibility
measured with a magnetometer is the long-
wavcelength, small-wavenumber, (Q—0),
limit of X' (Q,w = 0), and the nuclear res-
onance techniques yield averages of x”"(Q,w
~ 0) over momenta QQ, which are of order
inverse interatomic spacings.

Figure 1A is a schematic phase diagram for
La,  Sr.CuO, as a function of T, hole doping
(x), and pressure (y). Holes and pressurc are
generally introduced chemically, most notably
through substitution of Sr** and Nd** ions,
respectively, for the La’* ions in La,CuO, (5,
6). Possible magnetic ground states range from
simple antiferromagnetic (AFM for x ~ 0) to
a long-period spin density wave with strong
coupling to the underlying lattice (shown as a
gray “mountain” for x ~ 0.1 in Fig. IA). Unit
cell doubling, where the spin on each Cu** is
antiparallel to those on its nearest neighbors
displaced by vectors (0, a_) and (*a,, 0) in
the (nearly) square CuO, planes, characteriz-
es the simple AFM state (7); the lattice con-
stant, a, = 3.8 A. The associated magnetic
Bragg peaks, observed by neutron scattering,
occur at reciprocal lattice vectors Q of the
form (n, mw), where n and m are both odd
integers; the axes of the reciprocal lattice
coordinate system are parallel to those of the
underlying square lattice in real spacc.

Substitution of Sr** for La’ ™ introduces
holes into the CuO, planes and initially
replaces the AFM phase by a magnetic
(spin) glass phase. It is in this nonsupercon-
ducting composition regime, for which the
magnetic signals are strong and large single
crystals have long heen available, that the
most detailed T-dependent magnetic neu-
tron scattering studies have been performed
(8). With further increases in Sr’™ content,
the magnetic glass phase disappears and su-
perconductivity emerges. At the same time,
the commensurate peak derived from the
order and fluctuations in the nonsupercon-
ducting sample splits into four incommensu-
rate peaks, as indicated in Fig. 1B (9). These
peaks are characterized by a position, an
amplitude, and a width. Earlier work (9) has
described how the peak positions vary with
composition at low temperatures. OQur con-
tribution is to follow the red trajectory in Fig.
1 and thus obtain the T and w dependence
of the amplitude and widch, which represent
the maximum magnetic response and inverse
magnetic coherence length, respectively.

The La, 4Sry ,CuO, crystals used here
are the same as those used in our determina-

SCIENCE ¢ VOL. 278 ¢ 21 NOVEMBER 1997 ° www.sciencemag.org



tion (10) of x"(Q,») around and below the
superconducting transition at T, = 35 K.
We carried out unpolarized measurements,
where the spins of the ingoing and outgoing
neutrons are unspecified, using the TAS6
spectrometer of the Risg DR3 reactor in the
same configuration as that used before (10).
We performed measurements with fully po-
larized ingoing and outgoing beams, using
the IN20 instrument, at the Institut Laue-
Langevin in Grenoble, France.

Our surveys of Q-w space at various T
values are summarized in Fig. 2. Figure ZA
shows scans along the solid red line in Fig.
1B through the incommensurate peaks at
[m(1 — 8),m] and [m,@w(1 + &)] for energy
transfer Ao fixed at 6.1 meV. We have
checked that the peaks are of purely mag-
netic origin by using polarized neutrons
(Fig. 2B). The spin-flip (SF) channel con-

tains background plus magnetic scattering,

Fig. 1. (A) Schematic
phase diagram for
La,_,Sr,CuO, showing
the evolution from long-
range antiferromagnetic
(AFM) order [x = 0, T
(Néel temperature) shown
in red], through an inter-
mediate spin glass (SG)
phase (green), to super-
conducting (SC) order
(olue). Double doping
(with Nd®* on the La%*
site, for example) results

whereas the non—spin-flip (NSF) channel
contains background plus phonon scatter-
ing. The incommensurate response occurs
only in the SF channel, confirming that it is
derived from the electron spins.

The most important result in Fig. 2A is
that the sharp peaks at 80 K broaden to
nearly merge at 297 K, an effect also illus-
trated in Fig. 2, C and D, which shows the
Q and o dependence of x"(Q,») deter-
mined from the fluctuation dissipation
theorem,

X" (Qw)[n(w) + 1] = S(Qw) (1)

where
n(w) + 1 = 1j(1 — e PehkeT) (2)
(# is Planck’s constant divided by 27 and kg

is Boltzmann’s constant). The magnetic
structure function S{(Q,w) is simply the scat-
tering near the incommensurate peaks mea-

B
A

SR of T Lt

X Q

X
in “stripe” phase ordering (gray) displaced along the y axis. (B) Map of the region of reciprocal space (Q
vector) near (r,r) probed in the current measurements. Typically data were taken along the red line in (A) over
two of the four incommensurate peaks that occur in our x = 0.14 sample with the background determined

along the dashed green trajectory.

Fig. 2. (A) Scans collected with unpolarized neu-
trons at constant energy AE (fw = 6.1 meV) along
the trajectory shown as a red line in Fig. 1B [along
& where Q = g(w,m) + (8/2)(—r,m)] through two
incommensurate peak positions. Actual counting
times were in the range of 10 to 60 min per point.
Open symbols represent background collected
along the trajectory indicated by the dashed green
line in Fig. 1B. Solid lines correspond to a resolu-
tion-corrected structure factor defined by Eq. 3.
(B) Polarized scans at constant energy (o = 3.5
meV) at 40 K showing the spin-flip (SF) and non-
spin-flip (NSF) intensity. The incommensurate
peaks occur only in the spin-flip channel confirm-
ing their magnetic origin. (C and D) Energy- and
momentum (along the solid trajectory in Fig. 1B)-
dependent magnetic response function x"(Q,w),
derived from background-corrected intensities
based on the use of the fluctuation-dissipation
theorem at (C) 35 Kand (D) 297 K. No attempt has
been made to correct for experimental resolution,
which broadens and weakens sharp features in
X"(Q,w). The color scale corresponds to the raw
background-corrected intensities, measured per
unit signal in the incident beam monitor; the (ver-

tical) numerical scales are in units of counts per 6 min divided by [n(w) + 1]. (E) Resolution-corrected (incommensurate) peak values of the magnetic response

REPORTS

sured along the solid red line in Fig. 1B and
indicated by the filled symbols in Fig. 2A,
minus the background indicated by the open
symbols in Fig. 2A. Comparison of Fig. 2, C
and D, shows that warming from T (35 K)
to 297 K gives a much smaller ¥"(Q,») and
eliminates clear incommensurate peaks at all
energies fiw probed. At intermediate T val-
ues, there is more modest broadening of the
magnetic peaks at low 7w, as well as an
intensity reduction that is much more pro-
nounced at low than at high %w.

The dramatic evolution of the incom-
mensurate peak amplitudes with T > T_ is
summarized in Fig. 3A. Both unpolarized

 and polarized beam data are shown, and

their consistency confirms the background
subtraction procedure used in the faster un-
polarized beam measurements. In addition,
full polarization analysis {(11) of the inten-
sity at the position indicated by a blue dot
in Fig. 1B confirms that the increase with T
seen in the background shown in Fig. 2A is
of nonmagnetic origin.

We have so far given a qualitative sur-
vey of our data, which seem to display
much greater temperature sensitivity
above the superconducting transition than
any other magnetic neutron scattering
data collected to date for a cuprate with
composition nearly optimal for supercon-
ductivity. To describe more precisely the
singular behaviors of the amplitude and
widths of the incommensurate peaks, we
must take into account the finite resolu-
tion of our instrument. We have conse-
quently fit our data at each Aw and T with
the convolution of the instrumental reso-
lution and the general form (12)

T 120 T T T
i | T=80K I Unpolarized 1 T=297K . § T = 40 K Polarized SF
5 I [| TASE - 2 IN20 4 A
= Al / A E N
= la / \
= [ ‘+ ) oy BO R
w A P~
& 100 t+ [ \ b P\
g 4 g
g | ¥
S E e B SR
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as a function of frequency (ug signifies Bohr magnetons).
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[n(w) + 1]xp(0, Nk (w,T)
[k} (w,T) + RIQ)T

where R(Q) is a function, with the full
symmetry of the reciprocal lattice and di-
mensions of |Q|%, which is everywhere pos-
itive except at zeroes, coinciding with the
incommensurate peak positions. From this
definition, it follows that xp(w,T) [in abso-
lute units on the basis of a standard pho-
non-based calibration (13)] is the peak sus-
ceptibility and k(w,T) is an inverse length
scale measuring the sharpness of the peaks.
To perform the fits, we have expanded
R(Q) near (m,m) to lowest order in g, and
q,, the components of Q relative to (m,m),

RQ) =
[(a.—q,)* — (md)] + [(q, + ¢,)* —

SQw) = 3)

(md)’]

2(2aymd)?

4)
Because all of our data show features at the
incommensurate positions at which the
low-T and low-w data are peaked, we simply
fix 3 at its low-T and low-w value of 0.245.
The solid lines in Fig. 2, A and B, corre-
spond to Eq. 3 convolved with the instru-

15
A 3.5 meV
v
2 |
< 10 | +
w |
]
[+ 8
i)
5 5t
3 # IN20 HF-VF
= TAS6 Unpolarized
0
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- 4 »
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]
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Fig. 3. Temperature dependence of (A) peak in-
tensity (I} derived from full polarization analysis (7 7)
and unpolarized neutron data at 3.5 meV and (B)
resolution-corrected peak response divided by
frequency in the low-frequency limit obtained from
the fits described in the text. The absolute scale in
(B) is from normalization to phonons (73). (C) In-
verse length scale k(w,T) at various fixed energy
transfers Aw.
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mental resolution with parameters k(w,T)
and xp(w@,T) chosen to obtain the best fit;
that the data and fits are indistinguishable
attests to the adequacy of Eq. 3 as a descrip-
tion of our measurements.

We discuss first the peak amplitudes
Xp(®,T), shown for three temperatures as a
function of w in Fig. 2E. In agreement with
our earlier work (9), when these amplitudes
are assembled to produce spectra as a func-
tion of w for fixed T values, there is no
statistically significant evidence for a spin
gap or even a pseudogap at any T = T_.
Furthermore, only for the lowest T (35 K) is
there an identifiable energy scale below %w
= 15 meV. For 35 K, the scale is the
~T7-meV energy transfer beyond which the
peak spectrum flattens out. Otherwise, all of
the data are in the low-w regime where
Xp(w,T) is proportional to w. This means
that at each T = 85 K our measurements
are characterized by a single amplitude pa-
rameter, namely, xp(®,T)/w. Even for 35
K =T = 85K, this is true for Aw < 5 meV.
We consequently shift our attention to the
detailed T dependence, shown in Fig. 3B, of
the low-frequency limit of xp(w,T)/w.

The peak amplitude, after correction for
resolution-broadening effects, changes by
two orders of magnitude over the one order
of magnitude rise in temperature from T_ =
35 K. Indeed, a T™< law with a = 1.94 =
0.06 2 describes the decrease of
xp(®,T)w with increasing T, indicating a
divergence in the T — 0 limit that is inter-
rupted by the superconducting transition.

We consider now how the inverse length
k{w,T) depends on T and w. The behavior,
shown in Fig. 3C, appears complicated, apart
from the fact that raising either T or w in-
creases k(w,T). However, closer inspection
reveals that similar increases are associated
with frequencies » and temperatures T where
kT =~ #w. Figure 4 makes the interchange-
ability of temperature and frequency obvious.
Here, the k(w,T) values for different
values cluster near a smgle line with inverse
slope 2000 (AK)"! = —]ao/kB, where ] is

the exchange constant of pure La,CuO,

Fig. 4. Temperature dependence of the
inverse length scale k{w,T) at various fixed
energy transfers Aw plotted against 7 and
hw added in quadrature. The solid line cor-
responds to aZ = 1 quantum critical point
(see Eq. 5 and text). The graph in the upper
right shows how the peak response de-
pends on k = k(w = 0,7). The inset in the
upper left shows the 3D space defined by
w,T, and a composition-dependent control
parameter a. The dark plane corresponds
to the (»,7) phase space probed by our x
= 0.14 sample, and the solid circle repre-
sents a nearby quantum critical point.

(14). Correspondingly, the solid curve in
Fig. 4 for which

k=

Ko + a; [(ksT/E7)* + (ho/E,) ]~
(5)

where Z=1,k,=0.034 A"}, and E; = E,,
= 47 meV = J/3, gives a good description of
the data.

As a classical spin system approaches a
magnetic phase transition, the magnetic sus-
ceptibility and correlation length typically di-
verge. We have discovered that the normal-
state magnetic response of La, 4451, ,CuQO, is
characterized by nearly diverging amplitude
and length scales. Thus, we are near to a
low-T or zero-T phase transition. The latter is
commonly referred to as a quantum critical
point (QCP) (15, 16), which occurs at T = 0
and Ao = 0 in a phase space labeled by T, #iw,
and a quantum fluctuation parameter a.. The
inset in the upper left of Fig. 4 shows such a
phase space where the solid circle marks the
QCP. As for ordinary critical points, the pa-
rameter defining the state of the system any-
where in the three-dimensional (3D) phase
space is the inverse coherence length k. For a
fixed composition, such as our La, ¢Sry -
CuO, sample, a is fixed, and experiments are
performed in the T-fiw plane drawn. Further-
more, o is associated with a particular inverse
length ky when T —0 and w — 0. If we add
to the graphic description of the inset in Fig.
4 the assumption of a Euclidean metric for
measuring distances to the QCP, we immedi-
ately recover Eq. 5 with the dynamical critical
exponent, Z = 1. It turns out that theory for
2D quantum magnets supports the concept of
the Euclidean metric and hence that Z = 1. In
addition, it posits that T and A® should be
interchangeable, an idea labeled “w/T scaling”
(4, 8). We have checked the extent to which
our data support these ideas by allowing k,, Z,
E; and E_ to vary to yield the best fit of
k(w,T). The outcome, namely, that k, =
0.033 * 0.004 A~ E-fky = 590 * IOOK
E /kg —550+120Kand2 1.0 = 0.2,
supports a simple QCP hypothesis.

Beyond providing a framework for under-
standing ®- and T-dependent length scales,

a 10 ]
T| nadias T —P'EfL 1('_)J - 4
drseing 10° s
0.20 L*25mev 001 .. 010
0.15
0.10
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the QCP hypothesis also has consequences
for the susceptibility amplitudes. Specifical-
ly, as @ =0, xp(w,T)/w should be con-
trolled by a single variable representing the
underlying magnetic length. In the upper
right corner of Fig. 4, we plot xp/w as a
function of such a variable, namely k(w =
0,T). The outcome is that x}(®w,T)/w is pro-
portional to k(w = 0,T)® where 8 = (2 — 7
+ 2)/Z = 3 = 0.3, in agreement with the-
oretical expectations (16) for the critical
exponents (1 and z) associated with QCPs
occurring in 2D insulating magnets.

To make the QCP hypothesis plausible, it
would be useful to have evidence for an or-
dered state nearby in phase space. Because the
high-T_ superconductors can be chemically
tuned, what we are looking for are related
compounds with magnetically ordered ground
states. The most obvious is pure La,CuO,.
However, in addition to the fact that the
material itself seems far away in the phase
space of Fig. 1A, the simple unit cell doubling
that describes the antiferromagnetism of the
material is remote from the long-period spin
modulation that one would associate with the
quartet of peaks seen in the magnetic response
of La, ¢Sty 14,CuO,.

More interesting compounds are found
when the phase space is expanded to consider
ternary compounds, where elements other
than or in addition to Sr** are substituted
onto the La** site. When Nd** is substituted
for La’>* while keeping the Sr** site occupan-
cy (x) and hence hole density at 1/8, the
material is no longer superconducting but ex-
hibits instead a low-T phase characterized by
magnetic Bragg peaks, corresponding to static
magnetic order, at loci close to where the
magnetic  fluctuations are peaked in
La; 44515 1,CuO,. Although the full ternary
phase diagram has not been searched, we have
sketched what it might look like in Fig. 1,
where the gray phase emerging close to the
superconducting state is the ordered “striped
phase,” so named because one model describes
it in terms of stripes of antiferromagnetic ma-
terial separated by lines of charges (17).

More generally, experiments on the high-
T, materials can be thought of as travels
through a 3D phase space such as that depict-
ed in Fig. 1A, and the changes in behavior
found on such travels can be associated with
different features of the landscape coming
into prominence depending on the height
from which they are observed. At the higher
fiw and T values the (red) AFM phase, char-
acterized by a very high coupling constant
(~0.15 eV), is the most obvious feature. At
the intermediate T values we probed, the
dominant feature is the gray mountain where
“striped” order has been found. Finally, at the
lowest T, the superconducting instability
dominates. The knowledge that the cuprates
inhabit an interesting 3D phase space, togeth-
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er with our discovery that the spin fluctua-
tions in one high-T_ material are as singular as
the charge fluctuations, should simplify the
task of understanding both the anomalous
normal-state properties and the high-T, su-
perconductivity of the cuprates.
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Direct Measurement of the Current-Phase
Relation of a Superfluid 3He-B Weak Link

S. Backhaus, S. V. Pereverzev,” A. Loshak, J. C. Dauvis,
R. E. Packard

Direct measurements of the current-phase relation, / versus Ad, for a weak link coupling
two reservoirs of B-phase superfluid helium-3 (®*He-B) were made over a wide range of
temperatures. The weak link consists of a square array of 100-nanometer-diameter
apertures. For temperatures 7 such that 7/T_ = 0.6 (where T is the superfluid transition
temperature), / « sin(Ad). At lower temperatures, /(Ad) approaches a straight line. Several
remarkable phenomena heretofore inaccessible to superconducting Josephson junc-
tions, including direct observation of quantum oscillations and continuous knowledge of

Ad, were also observed.

The general description of two coupled
macroscopic quantum systems (such as su-
perconductors, superfluids, or Bose-Einstein
condensates) allows for the flow of super-
currents between the two.Theory has long
predicted (1) that if the coupling is suffi-
ciently weak, the mass current I depends on
the phase difference between the two sys-
tems, Ad, as

I(Ad) = Lsin(Ad) (1)

where I_ is the critical current of the weak
link. As the coupling becomes stronger,
I{Ad) should smoothly change to approach
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the strongly coupled case I ¢ Ad.

For several decades, the only known sys-
tems described by Eq. 1 were superconduc-
tors, coupled either by tunnel junctions
(the Josephson effect) or by metallic con-
tacts whose spatial dimensions were compa-
rable to the superconducting “healing
length” & (Dayem bridges). This latter pa-
rameter is the characteristic length over
which the wave function’s amplitude is al-
lowed to vary consistent with minimization
of the energy of the system.

A microaperture in a thin wall should
form the superfluid analog of a Dayem
bridge (and thus act as a superfluid weak
link) if the aperture diameter and wall
thickness are near the superfluid healing
length €. Researchers have long considered
superfluid *He-B to be a good candidarte to
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