VOLUME 84, NUMBER 17

PHYSICAL REVIEW LETTERS

24 AprriL 2000

Commensurate Dynamic Magnetic Correlationsin Laz;CuggLig 104

Wei Bao,! R.J. McQueeney,! R. Heffner,! J.L. Sarrao,! P. Dai,> and J. L. Zarestky?
'Los Alamos National Laboratory, Los Alamos, New Mexico 87545
20ak Ridge National Laboratory, Oak Ridge, Tennessee 37831

3 Ames Laboratory, Ames, lowa 50011
(Received 17 September 1999)

When sufficient numbers of holes are introduced into the two-dimensional CuO, sguare lattice, dy-
namic magnetic correlations become incommensurate with underlying lattice in all previoudly investi-
gated La, A, Cu;—,B.041y (A = Sror Nd, B = Zn) including high T.. superconductors and insulators,
and in bilayered superconducting Y Ba,Cu;Og ¢ and Bi,Sr,CaCu,Og. Magnetic correlations aso become
incommensurate in structuraly related LaNiO, when doped with Sr or O. We report an exception to
this so-far well-established experimental “rule” in L&, Cu,_,Li,O, in which magnetic correlations remain

commensurate.

PACS numbers: 75.40.Gb, 74.72.Dn, 75.25.+z, 75.50.Ee

High transition temperature (7'.) superconductivity isre-
alized when charge carriers are introduced to the CuO,
planes of the insulating parent compound, for example,
LaCuO, or YBaCusOg. These parent compounds are
now well established as two-dimensional (2D) spin S = %
Heisenberg antiferromagnets with a dominant in-plane ex-
change interaction [1-4]. The evolution of the magnetic
correlations with charge carrier doping is a central issue
in high T, superconductivity research. It has so far been
most extensively investigated in the La, CuQ, system, due
to the availability of large single crystals. These studies
show that, when the long-range antiferromagnetic order
is suppressed and the doped hole concentration exceeds
about 5%, incommensurate dynamic magnetic correlations
develop at a quartet of wave vectors Q = (% * 6, %,0)
and (%% + §,0) [5-7]. Even more remarkable is that
the incommensurability 6 is a universally increasing func-
tion of the hole concentration »n [8], whether the doped
material is superconducting or insulating [9] and whether
dopant resides on the La [10,11], the Cu [12], or the oxy-
gensites[13]. Intheisostructural insulating nickelates, the
magnetic correlations are a so found to be incommensurate
when asufficient number of holes areintroduced by doping
either the Laor the O sites[14]. Recently, incommensurate
magnetic correlations were also discovered in bilayered
superconducting YBa,Cu;Og¢ [15]. The incommensu-
rability 6 vs n fals on the same curve as the LaCuO,
system, adding new excitement to this field. Thereis also
experimental evidence indicating incommensurate mag-
netic correlationsin superconducting Bi, Sr,CaCu, Og [16].
Empirically, therefore, there is an overwhelming consen-
susthat doping the 2D antiferromagnet on the CuO, square
| attice eventually makes magnetic correlations incommen-
surate. There are currently several competing theoreti-
cal explanations for the origin of this incommensurability,
ranging from stripe models [17—20], where charge carriers
undergo phase separation, to nesting Fermi surface mod-
els [21] and doped quantum antiferromagnet models [22],
where the carriers remain uniform in the sample.
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LaCu;—,Li,O4 remains an insulator for 0 =< z =< 0.5.
It has identical in-plane lattice parameters as Sr-doped
LaCuO, a the same hole concentration [23]. The
long-range antiferromagnetic order is similarly suppressed
by Sr or Li doping [23,24]. The spin dynamics of
LaCu,_,Li,04, as revealed by local dynamical probes
such as nuclear quadrapol e resonance, show an astonishing
parale with La,—,Sr,CuO, [25]. This suggests a similar
temperature dependence in the low energy spin fluctua-
tions. In contrast to the enormous empirical conformity
among charge-doped laminar cuprates, however, as will
be presented below, La,Cu;—,Li,0O, is exceptional in that
the dynamic magnetic correlations remain commensurate
with the square lattice. This experimental result thus
provides a new facet of the rich physics relating anti-
ferromagnetism and charge correlations in charge-doped
cuprates.

Single crystals of LaCu,—,Li,O4 were grown in CuO
flux, using isotopically enriched Li (98.4%) to reduce
neutron absorption. The size of single crystals grown in
this way decreases with increasing z. We choose z =
0.10(2) for this work to balance the sample size with the
detectability of &, keeping in mind that 6 increases with
hole concentration in all other doped La,CuQ, materials.
Magnetization measurements show no long-range mag-
netic order, consistent with previous studies [23,26]. The
sample has orthorhombic Cmca symmetry (space group
No. 64) at low temperatures. In this paper, it is sufficient
to use a simpler tetragonal unit cell (a* = 1.174 A~! and
c* = 0.4814 A~ a 15 K) to label the reciprocal space;
thus the (%, % 0) corresponds to the (7, 7) square-lattice
antiferromagnetic wave vector. A single crystal of 0.46 g
with mosaic <0.5° was used in the Q scans. The energy
scans in Fig. 3(c) were taken with five aligned crystals
of total mass 1.0 g and mosaic of 0.9°. Neutron scatter-
ing experiments were performed at the HB1A and HB1
triple-axis spectrometers at the high flux isotope reactor
of ORNL. The samples were mounted to the cold finger
of a Displex refrigerator both in the (4, k,0) and (&, h, 1)
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scattering planes. The spectrometer configurations are 600 (‘a)‘ T A
specified in the figures. . » BTToeToams OmeV
Theintensity of neutron scattering was measured against g
. £ 400
aneutron flux monitor placed between the sample and the >
exit collimator of the monochromator. For magnetic scat- =
tering, this intensity directly measures the dynamic mag- § 200
netic correlation function S(Q, w) [27], =
IOClF(Q)lz.E(Q’w)’ (1) 0 1111111111111111111111
0.30 0.35 040 045 050 055
where |F(Q)|? is the magnetic form factor, and S(Q, ) is (1/2,k,0)
the convolution of S(Q, w) with the spectrometer resolu- ‘ ‘ ‘ ‘ ‘ ‘ ‘
tion function. Factoring out the thermal occupation factor,
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fluctuations can be approximated by a Lorentzian model,
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where I'q is the energy scale for magnetic fluctuations
and xq is the Q-dependent magnetic susceptibility which
determines the intensity. The maximum of S(Q, w) is at
o = 0, which isthe contribution to quasi elastic scattering
from dynamic magnetic fluctuations:

S(Q,0) = ksT )F(—Q . 4
Q
The magnetic form factor |F(Q)|? in Eq. (1) has its maxi-
mum at Q = 0 while the intensity from structural exci-
tations grows as Q2. This fact is often used in inelastic
neutron scattering experiments to distinguish magnetic and
structural excitations.

The 2D reciproca space for the CuO, planes near the
(7, ) point isshown in the inset of Fig. 1(a). The crosses
schematically denote incommensurate wave vectors for the
low energy spin fluctuations previously found in suffi-
ciently doped L& CuQ, and YB&CuzOg6. A constant en-
ergy (const-E) scan along the k direction with Zw = 0
is shown by open circles in Fig. 1(). The arrow indi-
cates the incommensurate point where a quasielastic peak
in the low energy magnetic fluctuations is found in other
doped cuprates with 10% hole concentration. Apparently,
LaCuggLig 0y is different from its peers. The only dis-
cernible peak is at the commensurate (%, %,0), i.e, the
(ar, 7r) point. An extended search along the (%, &, 0) di-
rection has also been conducted with a similar result.

The intensity of the superlattice peak at (%, % 0) isonly
5 X 107 of the intensity of the structural Bragg peak
(110). By adding more filters, it can be shown that the
intensity at (%, %,O) is not due to higher-order neutron
contamination. The intensity is also insensitive to neu-
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FIG. 1. Theinsetin (a) showsthe 2D in-plane (h, k) reciprocal
space. The sguare marks the commensurate (7, 7) point which
characterizes dynamic magnetic correlationsin La,CugoLig  O;.
The crosses mark the quartet of incommensurate wave vec-
tors found for magnetic correlations in other doped cuprates
[5-8,10-13,15]. (a) Scans across the (7, 7) point aong the
k direction at E = 0. The arrow indicates the incommensurate
peak position found in other cuprates of identical hole concentra-

tion. (b) Temperature dependence of the (%, % 0) peak intensity.

tron energy change from 13.5 to 14.8 meV. However, the
dominant contribution to this weak superlattice peak is not
of magnetic nature, based on its temperature dependence
[refer to Fig. 1(b)] and Q dependence in other Brillouin
zones. Further investigation as to its origin is under way.

To detect the dynamic magnetic correlations, we have
repeated the k& scan at a finite energy, Zw = 1.8 meV,
that avoids the elastic superstructure contribution. Re-
sults are shown in Fig. 2(a). The const-E scan measures a
pek at Q = (%, % 0) in the dynamic magnetic correlation
function S(Q, w). Scans aong two other symmetricaly
inequivalent directions are shown in Figs. 2(b) and 2(c),
further supporting the conclusion that the magnetic correla-
tions are commensurate. Using measured phonon intensity
a a similar energy and temperature near (110) (8 counts
per minute), the Q2 scaling factor in the phonon scatter-
ing cross section, and the Bragg intensity ratio between the
(%, %,0) and (110), the estimated acoustic phonon contri-
bution near (%, %,0) is negligible.

In the left frames of Fig. 3, the dynamic magnetic cor-
relations are compared at 14 and 295 K in an identical
const-E scan. The data have been converted to y”, us-
ing Eq. (2). The shorter correlation length of the dynamic
magnetic correlations at the higher temperature is reflected
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FIG. 2. Congt-E scans across the (7, ) point, showing com-
mensurate dynamic magnetic correlations. (a) Scans along the
k direction (refer to the vertical solid line in the inset of Fig. 1).
(b) Scan aong the (h, k) direction (refer to the dotted line in
the inset of Fig. 1). (c) Scan along the (&, —h) direction (refer
to the dashed line in the inset of Fig. 1).

in the broader peak width at 295 K. The energy depen-
dence of the commensurate magnetic correlationsis shown
in Fig. 3(c), with const-Q scans at three different tempera-
tures. The upturning data points above the dotted curves
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FIG. 3. Congt-E scans at 14 K (@) and 295 K (b). Corre-
lation length of the dynamic magnetic correlations is reduced
by temperature, as evidenced by a broader peak width at 295
K. The peak intensity of xy"(Q, w) is aso reduced by tempera-
ture. (c) Dynamic magnetic susceptibility at the (7, ) point
as a function of energy at three temperatures. The temperature
dependence shows the expected behavior for dynamic magnetic
correlations.
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at low energy contain elastic contributions due to the finite
energy resolution of the spectrometer. The energy scale,
indicated by the peak position of y”, increases with ris-
ing temperature. In both the const-E scans [Figs. 3(a) and
3(b)] and const-Q scans [Fig. 3(c)], the magnitude of x"
decreases with rising temperature. All of these features
are as expected for short-range dynamic magnetic order.
They reinforce the observation that the commensurate dy-
namic correlations at (7, 7r) we found in La,CuggLig.1O4
are magnetic.

Prior to this study, a unified picture of magnetic cor-
relations for the La,CuO, system was emerging, hamely,
that the incommensurability follows a universal function
of hole concentration. This universality occurred whether
or not the material is superconducting, and whether or
not the doping was in the CuO, plane [5-8,10-13]. The
sole double-layered material in which incommensurabil-
ity has so far been observed, YBa,Cu;Og¢, aso follows
the universal function for the single-layered system [15].
Incommensurate magnetic correlations are also found in
the doped insulating nickelates [14] and are recently de-
tected in superconducting Bi,Sr,CaCu,Og [16]. This ro-
bust occurrence of incommensurate magnetic correlations
in charge-doped laminar materials, especially the indepen-
dence on transport properties, has been used to support
the stripe picture over the nesting Fermi surface picture,
since there is no Fermi surface in the insulating mate-
rials. Commensurate magnetic correlations (6 = 0) re-
ported here for La,CuggLig 104, which has a doped hole
concentration of 10%, provide afirst exception to this em-
pirical rule. Another attempt to unify magnetic behavior
in cuprates is to plot the incommensurability versus the
superconducting transition temperature. A linear relation
between them isfoundin La,—, Sr, CuO, [10] and possibly
asoin YBaCu;Og+y [28]. It is argued that this linear re-
lation provides an important clue to the origin of the high
transition temperature superconductivity in cuprates [29].
Our result on Lay(Cu,Li)O4 may befitted into this scheme
asatrivia limiting case: T. = 0 a 6 = 0. However, we
note that measurements on (La,Sr), CuQ, that are codoped
with isovalent Zn substituted for Cu seem to violate this
rule [12].

Mobility of the doped holes may be another dimension
which needs to be included in the picture. When a hole
is bound to a dopant, such as in the Li-doped case, the
Skyrmion, a long-range topological disturbance for spins
surrounding the dopant, is favored as shown theoretically
by Haas et al. [30]. It is expected that the long-range
antiferromagnetic order may be destroyed with a dilute
Skyrmion concentration and the short-range magnetic cor-
relations remain commensurate. This is consistent with
our neutron scattering data for the Li-doped cuprate. InZn
codoped (La,Sr),CuQy, holes are introduced by Sr dopants
and they are known to be more mobile. The isovalent Zn
dopants may serve as impurity pinning centers for the in-
commensurate structure formed by the holes. It remains
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interesting to understand the differences in magnetic cor-
relations between La,(Cu,Li)O4 and hole-doped La;NiQy,
both of which are insulating.

In summary, we have shown by neutron scattering
that dynamic magnetic correlations in LaCugglig 04
are commensurate with the CuO, square lattice. This is
different from al other previously investigated materials
in the hole-doped La,CuO, and YBaCu; O+, systems,
which remarkably follow a universal dependence on hole
concentration.
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