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We use inelastic neutron scattering to measure the magnetic excitations in underdoped La,_ ,Sr,CuQOy,
(x = 0.085, T, = 22 K) for large energy (5 < E < 200 meV) and temperature (5 <7 < 300 K) ranges.
At low T, the response is highly structured in E and q, with peaks in the local susceptibility at 15 and
50 meV and a four-peaked structure in q for £ = 185 meV. Raising T from 30 K = 7. to 300 K causes
the structure in x(q, w) present for E <70 meV to disappear. It is replaced with a strongly damped
response. We attribute this change to the disappearance of the pseudogap with increasing temperature.
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In addition to their high transition temperatures, the
cuprate superconductors have many intriguing properties.
In the underdoped and superconducting region of the phase
diagram, the electronic excitations show an unusual loss of
low-energy spectral weight as 7 is lowered. This starts well
above T... The phenomenon is observed in many electronic
properties [1,2] including angle resolved photoemission
spectroscopy (ARPES), Raman spectroscopy, optical con-
ductivity and scanning tunneling microscopy (STM). It can
be described phenologically in terms of a partial- or
pseudo- electronic gap. The superconducting state gap
emerges from the normal state pseudogap (PG) over
much of the cuprate phase diagram and many believe
that the pseudogap is key to understanding the high-T,
mechanism.

Here we investigate the evolution of the spin dynamics
of an underdoped superconductor over the E and T ranges
where the charge excitations show their biggest changes.
Specifically, we have made high-resolution inelastic neu-
tron scattering (INS) measurements of the collective spin
excitations in La,_, Sr,CuO; (LSCO), x = 0.085.
Measurements have been made over substantially wider
ranges in energy (5 <E <200 meV) and temperature
(5 < T <300 K) than previous studies [3—6] and reveal
new structure. At low temperatures (7' = 30 K), we ob-
serve peaks in " (w) at 15 and 50 meV. In addition, we find
that the four-peaked structure of y(q, w) in q rotates by
7r/4 between low energies ( = 10 meV) and high energies
(= 185 meV) and is well developed at high energies. On
warming the sample from 7" = 30 to 300 K, we find that for
E <70 meV response becomes strongly damped and the
structure observed at low 7T disappears.

Four single crystals with a total mass of 40.5 g were
coaligned with a total mosaic of 1.5°. The crystals were
grown by a traveling-solvent floating-zone technique [7]
and annealed with 1 bar of oxygen for one week at 800 °C.
The Sr stoichiometry was measured with SEM-EDX and
ICP-AES to be x = 0.085 £ 0.005. Magnetization mea-
surements indicate that T,(onset) =22 K. INS experi-
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ments were performed on the MAPS instrument at the
ISIS spallation source. MAPS is a low-background
direct-geometry time-of-flight chopper spectrometer with
position-sensitive detectors. It produces high-resolution
spectra of y”(w) over a wide E range which are difficult
to obtain by other means [8,9]. The present experiment is
the first reported application of this spectrometer to under-
doped La,_ . Sr,CuQy.

INS probes the E and q dependence of x”(q, ). The
magnetic cross section is given by

x"(q, ho)
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where (yr,)* = 0.2905 barnsr™', k; and k; are the inci-
dent and final neutron wave vectors and |F(Q)|? is the
anisotropic magnetic form factor for a Cu?* d »_ ,2 orbital.
Data were placed on an absolute scale using a vanadium
standard. We use the reciprocal lattice of the high-
temperature tetragonal structure of La,_ ,Sr,CuO, to label
wave vectors Q = ha* + kb* + [¢* and usually quote
only (A, k). In this notation, La,CuQ, exhibits antiferro-
magnetic order with an ordering vector of (1/2, 1/2). In
order to identify and minimize phonon contamination of
our results, we collected data for six different E;’s and
utilized the procedure developed in Ref. [10].

Figure 1 shows typical q-dependent images of y"'(q, w)
for various energies and temperatures. We first consider the
response in the superconducting state. At low energy, £ =
11 meV, and temperature, 7 = 5 K [Fig. 1(a)], we observe
the well-known four-peaked structure in q [11], with
x"'(q, w) peaked at the incommensurate positions (1/2,
1/2 %= 8) and (1/2 = 8, 1/2). As for optimally doped
LSCO, the excitations disperse strongly with E [9]. For
E = 50 meV [Fig. 1(b)], they are peaked at (1/2, 1/2) and
at E = 140 meV [Fig. 1(c)] and 185 meV [Fig. 1(d)] they
are peaked at (1/2*+ 8/~/2, 1/2+ 8/v/2) and (1/2 =
85/\2, 1/2 5 8/2). Figure 2 shows cuts through the
data in Fig. 1.
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FIG. 1 (color online).
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Constant-E slices of data converted to x(q, w) using Eq. (1). (a)—=(d) at 5 K, (f)—(h) at 30 K, and (i)—(k) at

300 K. Ranges of integration were 11 = 1, 50 =5, 140 = 10 and 185 = 15 meV, using E; = 55, 240, 240, 240 meV, respectively.
(e) Schematic evolution of the pattern with E. The white circle in (d) is the spin-wave pole for La,CuQO, for 185 meV.

In order to make a quantitative analysis of our data, we
fitted 2D slices, such as those in Fig. 1, to a modified
Lorentzian function [9]:

K4 w
¥@ 0) = o(0); (@)

(@) + R@T @

is an inverse correlation length (peak width), and A con-
trols the shape of the pattern (A = 4 yields four distinct
peaks and A = 0 a pattern with circular symmetry [9]). At
higher energies, a /4 rotated version of this function was
used. This phenomenological response function [Eq. (2)]
provides a good description of the data at all energies.
The overall strength of the response at a given E is

with described by the q-averaged or local susceptibility
"w) = [ X"(q, ®)d*q/ [ d*q determined from the fitted
h=12+ (k=12 = 2P + Ak — D2k -1 X ’
R(q) _ [( 2) ( 2) ] ( 2) ( 2) /\///(q’ w)
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where the position of the four peaks is determined by o, «
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Figure 3 summarizes the main findings of this work. For
T = 5 K, Fig. 3(a) shows that y”(w) is highly structured
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FIG. 2. Constant-E cuts through raw data used to produce the plots in Fig. 1. Data have not been corrected for the Bose or form

factors. Solid lines are fits of Eq. (2) convolved with the instrument resolution. Open triangles are background points collected at
(h —0.35, h + 0.35).
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FIG. 3 (color online).

(a)~«(d) x"(w) extracted from fitting Eq.

(2) to our complete dataset. Insets are expanded views of the

low-E region. Symbols indicate E;: 40 (V¥), 55 (®), 90 (A), 160 (H), 240 meV (@). Lines are guides to the eye. The dashed and dotted
lines in (a) are for x = 0 [14] and x = 0.16 [9]. Gray line in (c) is a guide from (d). (e) §(w) for 5 K (30 K is indistinguishable); dashed
line is spin-wave dispersion for x = 0 [14]; dotted line is fit (see text). (f) Symmetrized ARPES spectral function A(w) from Ref. [27].
The peak separation 2A* = 51 meV is a measure of the pseudogap for a sample of slightly higher doping (x = 0.105). We expect

2A* = 60-70 meV for our sample.

with peaks at 15 and 50 meV. The upturn below 10 meV is
due to the freezing of the low-frequency spin fluctua-
tions previously seen by INS [12] and NMR [13] in
La,_,Sr,CuO, for similar dopings. For fiw > 10 meV,
we observe the double-peaked structure seen at optimal
doping (x = 0.16) [9], with peaks at approximately 15 and
50 meV (compared to 18 and 50 meV for x = 0.16). The
lower (E = 15 meV) peak is due to intensity at the incom-
mensurate (IC) (1/2, 1/2 = 8) and (1/2 = 8, 1/2) posi-
tions [see Fig. 1(a)], and the higher (E = 50 meV) peak
to a resurgent response dispersing from (1/2, 1/2) [see
Fig. 1(b)]. The double-peaked structure in y"(w) is less
pronounced for underdoped LSCO (x = 0.085) than for
the previously measured [9] optimally doped LSCO (x =
0.16) [dotted line Fig. 3(a)]. We see a weaker dip near
25 meV and more spectral weight above 50 meV. Our data
also give information about the dispersion of the excita-
tions. Figure 3(e) shows the dispersion of §(w) extracted
from our fitting analysis. The form of §(w) is very similar
to that observed at optimal doping with a minimum in |5|
at about 50 meV. Figures 1(a)-1(d) show maps of x"(q, ®)
for T =5 K at various energies. We observe the same
rotation of the four-peaked pattern with E that has been
seen in YBa,Cu3Og¢ [8] and possibly seen in optimally
doped La,_,Sr,CuQO, [9]. The high-E pattern [Figs. 1(c)
and 1(d)] is more anisotropic than in optimally doped
LSCO [9].

The response in La,_ ,Sr,CuO, (x = 0.085) is generally
weaker than in La,CuQy,. The dashed lines in Fig. 3(a) and
3(e) show x"(w) and |8| calculated from Ref. [14]. We
may extract an effective exchange constant J = 87 * 4 by
fitting the high-energy (E > 70 meV) dispersion to a spin-
wave theory. This is substantially less than for La,CuQO,,

where J = 146 =4 meV [14]. A quantitatively similar
reduction of J with doping has been observed in
YBa,Cu30q., for x = 0.5 [8,15,16].

We now discuss the effect of raising 7" on the magnetic
excitations. On increasing 7 from 5 K to 30 K= T,
[Fig. 3(b)], we observe little change in the response except
for a small decrease in " (w) below 10 meV, as the spin
freezing weakens. This is consistent with SR, NMR [13]
and other neutron data [5,17]. On further increasing 7" to
300 K, x"(q, w) changes dramatically over a wide energy
range (0 < E =70 meV). At low-frequencies (E =
5 meV), x"(w) is strongly suppressed as low-frequency
antiferromagnetic fluctuations or spin freezing disappear.
Similar effects are well known in NMR measurements
of T, ! [13,18] which probe x”(w) at even lower frequen-
cies. Looking over a wider E range, we note that the
double-peak structure seen in y”(w) at 5 K and 30 K
disappears on warming to 300 K, leaving a heavily-
damped response with a characteristic energy scale of
about 50 meV [see Figs. 3(a)-3(d)]. We have limited
data at T = 150 K [Fig. 3(c)] which show that the E =
15 meV peak is present but suppressed at this intermediate
T. Interestingly, at 7 = 300 K the response is roughly that
of the marginal Fermi liquid [19] form, x"(w)~
tanh(w/T), postulated to account for the strong T depen-
dence of the electronic properties of the high-7,. super-
conductors, and previously observed over a much smaller
E range in very underdoped La,_,(Ba, Sr),CuQy, [3.,4].

It is interesting to compare LSCO with other underdoped
cuprates. In YBa,Cu30¢., (YBCO) [20,21] the most dra-
matic change in y”(q, w) as T is lowered is the formation
of the dispersive “‘spin resonance mode’” which is stron-
gest at (1/2, 1/2). The detailed structure of the low-E
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excitations in LSCO is rather different: there appear to be
two parts to the response giving rise the a double-peaked
structure in y”(w). The two systems share the common
feature that the low-energy excitations become more
structured over the energy range 0—60 meV as they move
into the pseudogap phase [21]. The stripe ordered material
La; g75Baj 1,5CuO, shows very different behavior [22,23].
At low temperatures (7 = 12 K), this material [22]
shows a similar “hourglass’ dispersion to Fig. 3(e); how-
ever, it does not show the double-peaked structure in "' (w)
observed for optimal [9] and underdoped La,_,Sr,CuQ;,.
Further, on warming from 12 to 300 K, La, g;5Bag 155CuO,
does not show [23] the large and dramatic changes in
x"(w) reported here for E <70 meV in La, ,Sr,CuO,
(x = 0.085). This suggests that the behavior of
La,; g75Bag 155CuO, is due to the magnetic stripe order
present for this composition [24].

Many theories have been proposed to describe the mag-
netic excitations in the cuprates. A large proportion might
be broadly divided into two classes: (i) Linear response
calculations based on the underlying band structure and the
presence of a d-wave energy gap; (ii) theories based on
coupled spin ladders which assume phase segregation of
the system into undoped antiferromagnetic regions sepa-
rated by one-dimensional “‘stripes’ containing the doped
holes. We note that recent calculations [25] of x"(q, )
based on linear response theory and band-structure pa-
rameters derived from ARPES measurement on under-
doped LSCO are able to describe the main features of
our 7 = 30 K data (i.e., low-E incommensurate peaks;
dispersion to a strong commensurate peak; and the rotated
anisotropic pattern at high-E).

The present work demonstrates how lowering 7' from
300 to 30 K can cause dramatic changes in the magnetic
response x”(w) over a wide E range. It is known that the
scattering rate for electrons drops abruptly below 7. in
high-temperature superconductors. This is seen in many
electronic probes including ARPES, conductivity and tun-
neling. The most natural explanation of this drop is due to
the opening of the superconducting gap and the reduction
of electron-electron scattering. Surprisingly, this reduction
of scattering rate also happens for the underdoped case
[1,26], where a “pseudogap” (PG) is present above T'... For
the purposes of this discussion, we will define the PG
energy such that the effects of the PG are felt below
2A*, when T < T*. Recent ARPES measurements [27]
suggest 2A* = 60-70 meV for the La, ,Sr,CuQ, (x =
0.085) studied here [see Fig. 3(f)]. In this Letter, we
show that, as the temperature is lowered, the spin excita-
tions become more structured over an energy range 0 <
E <70 meV which corresponds approximately to 2A*.

There are two general scenarios that could explain the
emergence of structured and coherent spin excitations as 7'
is lowered. The first is the concomitant appearance of some
form of magnetic order. This explanation in unlikely be-
cause only very weak spin freezing or magnetic order is

observed for the compositions studied here [12]. Yet the
observed y”(w) has a magnitude comparable with the
parent antiferromagnet La,CuQO, [14], which has an or-
dered moment = 0.6 5. The second scenario is that there
is a drop in the damping of the magnetic excitations as we
enter the PG state. Thus the magnetic excitations see a drop
in damping in a similar way to the electron quasiparticles
measured by ARPES and other probes [28].

In conclusion, we have shown that highly structured
and coherent magnetic excitations exist at low tempera-
tures (7 =< 30 K) over a wide energy scale (5 <E <
200 meV) in  underdoped and superconducting
La,  Sr,.CuO,. At low energies, E <70 meV, we find a
double-peaked structure in y”(w) and a four-peaked struc-
ture in wave vector which develop as 7 is lowered from
300 to 30 K, i.e., as we move into the pseudogap region of
the phase diagram. We note that the E scale over which
x"(q, @) changes most corresponds approximately to the
pseudogap energy 2A* for our sample. The E = 70 meV
excitations do not change significantly with temperature,
they are strongly dispersive and x''(q, w) shows an aniso-
tropic four-peaked structure which is rotated with respect
to lower energies.

We thank A. V. Chubukov and M. R. Norman for useful
discussions.
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