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Superexchange Coupling and Spin Susceptibility Spectral Weight
in Undoped Monolayer Cuprates
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A systematic inelastic neutron scattering study of the superexchange interaction in three differe
doped monolayer cuprates (La2CuO4, Nd2CuO4, and Pr2CuO4) has been performed using conventiona
triple axis technique. We deduce the in-plane antiferromagnetic (AF) superexchange couplingJ which
actually presents no simple relation versus crystallographic parameters. The absolute spectral we
the spin susceptibility has been obtained and it is found to be smaller than expected even when qu
corrections of the AF ground state are taken into account. [S0031-9007(97)04712-1]

PACS numbers: 75.40.Gb, 61.12.Ex, 74.72.Dn, 75.30.Et
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The copper spins properties of the insulating cupra
are of particular interest as they give insight into t
microscopic description of the high-TC superconductors
Undoped parent compounds of many high-TC cuprates
are usually described as Mott-Hubbard insulators. Th
exhibit an antiferromagnetic ordering below a Néel te
perature ranging between 250 and 420 K. This Néel s
is well accounted for by a spin-1

2 antiferromagnetic (AF)
Heisenberg model on a square lattice [1]. The follo
ing Hamiltonian,H ­ 2J

P
kijl SiSj, where the sum is

performed over spin pairs, is then used to describe
AF ground state where the most essential and gen
parameter is the huge Cu-O-Cu superexchange inte
tion, J, within the CuO2 plane. J is usually determined
by inelastic neutron scattering (INS) experiments whi
probe the dispersion relations of spin-wave excitatio
The intraplane AF superexchange is then deduced fr
the measured spin-wave velocityc, as c ­ 2S

p
2 ZcJa

(where a is the square lattice constant,S ­ 1
2 , and

Zc . 1.18 represents quantum corrections of the A
ground state). Unfortunately, due to the large steepn
of the in-plane spin wave dispersion (related to the la
value of J ø 100 150 meV), the spin-wave velocity is
not easily deduced from INS experiments. Therefore
precise knowledge ofJ is still needed in parent com
pounds of cuprates. Another essential magnetic param
is the spectral weight of copper spin susceptibility whi
has been, so far, accurately reported only in La2CuO4

[2,3]. The importance of these two parameters has b
recently emphasized in doped materials where an ef
tive J is found to be renormalized compared to the u
doped case and the spectral weight is shifted to low
energy [3,4].

Here, we present, by systematic neutron scattering m
surements, the spin wave excitations of three different p
ent compounds of single-CuO2 layer cuprates. Especially
using an adapted focalized neutron scattering geometry
are able to determine their spin velocity with accuracy a
0031-9007y97y79(24)y4906(4)$10.00
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to deduceJ. Furthermore, we have determined the spe
tral weight of the spin susceptibility in absolute units an
the perpendicular spin susceptibility,x'. x' can be also
obtained as a consequence of sum rules by applying
hydrodynamics relation,rs ­ scyad2x' [1,5], wherers

is the spin-stiffness constant. We found thatx' measured
in neutron experiments is smaller than expected from th
relation. This reduction of about 30% is presumably du
to covalent effects between copperd orbitals and oxygen
p orbitals.

High quality La2CuO4, Nd2CuO4, and Pr2CuO4 single
crystals of similar volume of about0.5 cm3 were used.
Neodymium- and prasedymium-based samples exhibit
Néel temperature around 250 K whereas the AF tran
tion occurs just above room temperature, 320 K, in th
lanthanum-based sample [6]. The samples were moun
with the reciprocal directions (110) and (001) within the
scattering plane [these directions are referring to the te
ragonal reciprocal lattice withQ ­ sh, h, qcd. We used
the same axis in the case of orthorhombic La2CuO4]. In-
elastic neutron scattering has been performed on the tri
axis spectrometers 1T and 4F1, installed, respectively,
thermal and cold source beams at the Orphée react
Saclay. The (002) reflection of pyrolytic graphite was use
for both monochromator and analyzer. No collimation wa
used and a filter (graphite one on 1T and beryllium one o
4F1) was placed on the scattered beam to remove hig
order contaminations.

A special scattering geometry [7] was used in order
align the resolution spectrometer ellipsoid along the A
line, i.e., the (001) direction. Namely, this focalization
allows us to separate counterpropagating spin waves
relatively low energies as compared with standard geom
tries [8,9]. We extend this technique down to 15 meV
For such a geometry, only oneqc value is accessible for a
fixed energy transfer and a fixed final neutron energy. T
be powerful, this geometry also requires very good samp
mosaicities.
© 1997 The American Physical Society
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FIG. 1. q scans across the magnetic line aroundh̄v .
60 meV in three different monolayer undoped cuprates. Typ
cal counting time is 1 h per point. Full lines correspond
the convolution product of the Gaussian resolution ellipsoid
the spin-wave cross section Eq. (1) with the spin susceptibi
Eq. (2).

We now presentq scans (constant energy transfer sca
along the (110) direction in the three different monolay
cuprates: La2CuO4, Nd2CuO4, and Pr2CuO4. Figure 1
depicts q scans measured at an energy transfer arou
60 meV using the same experimental setup. The dou
peak structure is clearly seen in La2CuO4 and in Pr2CuO4

whereas only a flattened peak shape is observed
Nd2CuO4. This difference emphasizes a larger sp
velocity in Nd2CuO4. In order to improve at low energy
the determination of the spin velocity, we have applied
Pr2CuO4 this focalized geometry down toE ­ 14.5 meV,
where a flattened peak shape is found (Fig. 2). Our d
in Pr2CuO4 represent a clear improvement of a previou
measurement [11].

Here, we focus on the low energy part of the spin wa
spectrum in the limit where the dispersion relation for A
magnons is linear (̄hv ø 2ZcJ). However, at low en-
ergy, the magnon spectrum exhibits gaps which are eit
related to planar anisotropy or to interlayer interactio
[8,10]. The usual linear relation is thus recovered on
for energies slightly larger than these gaps. Because
the large intraplane superexchange interaction in cupra
this condition is fulfilled for energy above,12 meV (see
Fig. 2). Above this energy, the spin-wave neutron cro
section per formula unit can be written in terms of the d
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FIG. 2. Left: q scan across the magnetic line ath̄v ­
14.5 meV in Pr2CuO4 (see Fig. 1 for details). Right: In-plane
magnon dispersion in Pr2CuO4. At low energy, the degeneracy
between out-of-plane and in-plane spin components is remo
due to planar anisotropy leading to an out-of-plane spin gap
about 8 meV [10]. Above,12 meV, both spin components
become very rapidly indistinguishable with increasing energ
Open circles correspond to a previous measurement [11].

namical spin susceptibility [12,13],xsQ, vd, as

d2s

dVdv
­ r2

0
F2sQd

psgmBd2

1
2

µ
3 2

Q2
c

Q2

∂
3

ImxsQ, vd
1 2 exps2h̄vykBT d

, (1)

wherer2
0 ­ 0.292 barn, FsQd is the atomic form factor

of Cu21 spins [14],g ø 2 is the Landé factor for copper
spins, andQc ­

2p

c qc is the component along the (001
direction of the scattered wave vector,Q. For an AF
single layer cuprate, the imaginary part of dynamic
susceptibility of the low energy spin-wave excitations
given in absolute units by [13]

Im xsQ, vd ­ SpZxZcsgmBd2

p
2

qa
dfv 2 cqg , (2)

whereq is the in-plane wave vector component along th
(110) direction. The quantum corrections associated
the perpendicular susceptibility [1],Zx , is included. The
convolution product of the Gaussian resolution ellipso
by the spin-wave cross section Eq. (1) with the sp
susceptibility Eq. (2) gives (i) the dispersion relation o
magnons and (ii) the spectral weight of Imx . Theq scans
have been fitted by this convolution product with fou
fitting parameters: the magnon in-plane wave vectorq, the
amplitude of Imx, and a sloping background. We not
that the observed experimentalq width along the (110)
direction merely corresponds to that of the resolution.

In Pr2CuO4, the in-plane magnon dispersion is reporte
in Fig. 2 over a wide energy range. As expected, a line
4907
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dispersion typical of AF excitations is found with a slop
which is the spin wave velocity,c ­ 0.80 eV Å. Com-
parison of the differentq scans (Fig. 1) gives0.85 eV Å
for La2CuO4 in agreement with a previous determinatio
by high energy neutron experiments [9] andc ­
1.02 eV Å for Nd2CuO4 (see Table I). The magnon wav
vector, and so the spin velocity and the AF intrapla
superexchange, are then found larger for Nd2CuO4 by
about 20% as compared with the two other systems.

The spin susceptibility in absolute units has been
perimentally estimated by a standard calibration [4] u
ing acoustic phonons, whose dynamical structure facto
known by lattice dynamics. The magnetic part has be
measured from high energy scans (Fig. 1) as well as fr
nonresolved low energyq scans. In order to compare th
observed spin susceptibility in absolute units with its the
retical predictions [1], we calculate the average of Eq.
over the two-dimensional (2D)q space perpendicular to
the (001) direction,x̃2D ­

R
dq2D Im xsQ, vdy

R
dq2D.

In our experimental energy range,x̃2D is almost indepen-
dent of energy:x̃2D . Ss gmBd2Zxy2J. Values forx̃2D

are listed in Table I. In La2CuO4, it compares well with
two previous measurements [2,3]. On the one hand, I
et al. [2] have reported an effective value ofS ­ 0.17
which is reduced from the spin number,S ­ 1y2. That
agrees with our observed spin susceptibility,2.7m

2
ByeV

(see Table I), which is reduced by the same factor fr
the classical spin susceptibility (without quantum corre
tions),x̃class

2D . Ss gmBd2y2J ­ 7.5m
2
ByeV. On the other

hand, Haydenet al. [3] have obtained̃x2D ­ 2.5m
2
ByeV,

which agrees in errors with our value [19].
The perpendicular susceptibility,x', deduced from

our INS measurements is then obtained by applying
relation x' ­ x̃2Dy4Ss gmBd2 [1] and listed in Table I.
x' can be independently deduced from the spin stiffne
rs, applying the standard hydrodynamics relation in t
Heisenberg model (see Table I). Let us recall that
spin-stiffness constant has been obtained in the Heisen
model from the two-dimensional correlation lengthj2D

above the Néel temperature as,j2D ~ exps 2prs

kBT d [5], j2D
being itself measured using energy integrated neut
scattering [15,16]. Surprisingly, the value ofx' deduced
from rs is found to be systematically larger than th
TABLE I. Magnetic parameters in three undoped single layer cuprates. The value of the spin stiffness,rs, has been deduced
from previous energy-integrated neutron scattering experiments.vR is the first moment of the Raman scattering data.x'sINSd
andx'srsd are deduced from̃x2D andrs, respectively (see text); a roughly constant ratiox'sINSdyx'srsd . 0.7 is found for the
three cuprates. Note thatTN is not simply related toJ due to the 2D character of the magnetic interactions in cuprates [8].

Parameter TN c x̃2D ) x'sINSd 2prs ) x'srsd J Zrs Zx ­ Zrs yZ2
c vRyJ

units K meV Å m
2
ByeV eV21 meV eV21 meV

Errors 620 60.4 60.05 65 60.04 63 60.05 60.04

La2CuO4 320 850 2.7 0.34 150a 0.48 133 0.72 0.52 3.5c

Nd2CuO4 243 1020 1.8 0.22 137b 0.33 155 0.64 0.46 2.5c

Pr2CuO4 247 800 2.3 0.29 114b 0.44 121 0.6 0.43 3.1d

aFrom [15]; bfrom [11,16]; cfrom [17]; dfrom [18].
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one measured in INS experiments even when quan
corrections of the AF ground state are considered. T
discrepancy of about 30% for the three compounds is lik
due to the covalence of copperd orbitals with oxygenp
orbitals [20]. Reducing the absolute scale of the atom
form factor, such effects can explain the diminution
the inelastic spectral weight of the spin susceptibility
well as the low temperature ordered magnetization va
[8]. Consequently, the spectral weight of Imx does not
solely determine the quantum corrections for the sp
susceptibility.

We now deduceJ as well as the quantum correction
Since there are more unknown parameters than the m
sured ones, we need to use theoretical estimation for
parameter. Among the measured magnetic parame
the spin-wave dispersion curve is presumably the less
tered by frustration effect and disorder [21]. The qua
tum correction to the spin wave velocityZc estimated
from different theoretical approaches [1,21] likely con
verges to a best value ofZc ­ 1.18 [22]. J is then con-
fidently deduced from the spin wave velocity using th
value (see Table I). Two other parameters are related
J. On the one hand, the spin-stiffness constant is u
ally modeled asrs ­ Zrs

JS2 [21] (whereZrs
accounts

for quantum effects). On the other hand, a high frequen
broad peak is observed in Raman scattering which
likely interpreted as two-magnon processes with oppos
momenta [17,18]. By means of the series expansions te
nique [23], the moments of the Raman intensity (the fr
quency of the spectrum maximaM1 as well as line shapes
have been related toJ, for instance,M1yJ ­ 3.58. The
quantum corrections for the spin stiffnessZrs

, the perpen-
dicular susceptibilityZx , and the ratio between the firs
Raman scattering moment andJ have been obtained an
also listed in Table I.

Surprisingly, only the quantum corrections found
La2CuO4 are in agreement with the theoretical predi
tions [1] either based on series expansions [21,23]
based on1yS expansion linear spin-wave theory [22
Zrs

­ 0.72, Zx ­ 0.51, and vRyJ ­ 3.58. The two
other systems display larger quantum corrections
rs and x' which may be related to their different low
energy spin excitations [10]. An even larger discrepan
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is observed for the light scattering measurements lik
due to the resonant nature of two magnon Raman sca
ing [24]. Consequently, the neutron measurements wh
determiners as well as the light scattering experimen
only give a rough estimation ofJ.

We now relate the copper spin intraplane superexcha
determined by INS with the crystallographic distanc
between copper atoms (Fig. 3). Clearly,J does not exhibit
a monotonous dependence versus the bonding Cu-O
length in contrast to what could be expected. This outlin
that the classical superexchange theory being only rela
to the Cu-O-Cu bonding is a too simple descriptio
Moreover, it has been recently stressed that the la
enhancement ofJ is actually caused by another structur
unit, namely, the Cu-O-O triangle [25]. Empirically, on
can distinguish a distorted tetragonal lattice and a per
square one. Indeed,J appears to decrease sharply wi
the distances between copper atoms in Nd2CuO4 and in
Pr2CuO4 (both having theT 0 phase, i.e., linear Cu-O-Cu
bonding). Note that the largestJ is found in Nd2CuO4,
where the Cu-O distance exactly corresponds to the s
of copper and oxygen ionic radius. The two other syste
do not belong to the same family as the bonding Cu-O-
is not linear: it is distorted perpendicular to the plane
YBa2Cu3O61x [8], or even in both directions in La2CuO4
[26] due to the tilt of the CuO6 octahedra. Therefore,J
turns out to be an extremely sensitive function of the C
O-Cu bonding angle.

In conclusion, by means of inelastic neutron scatter
experiments using the conventional triple-axis techniq

FIG. 3. In-plane superexchange interaction versus Cu-O
bonding length in different cuprates. The value for the bilay
system YBCO is from [7].
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we deduceJ and the quantum corrections of the AF
ground state in undoped monolayer cuprates. The i
plane antiferromagnetic superexchange couplingJ does
not exhibit a monotonous behavior versus the bondin
Cu-O-Cu length. The absolute spectral weight of th
spin susceptibility is smaller than expected from quantu
corrections [1], likely due to covalent effects. These
results provide a necessary ground for the understandi
of antiferromagnetism in the high-TC superconductors.
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