VOLUME 79, NUMBER 24 PHYSICAL REVIEW LETTERS 15 BCEMBER 1997

Superexchange Coupling and Spin Susceptibility Spectral Weight
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A systematic inelastic neutron scattering study of the superexchange interaction in three different un-
doped monolayer cuprates @@uQ,, Nd,CuQ;, and PsCuQ,) has been performed using conventional
triple axis technique. We deduce the in-plane antiferromagnetic (AF) superexchange cduplifch
actually presents no simple relation versus crystallographic parameters. The absolute spectral weight of
the spin susceptibility has been obtained and it is found to be smaller than expected even when quantum
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

The copper spins properties of the insulating cuprateto deduce/. Furthermore, we have determined the spec-
are of particular interest as they give insight into thetral weight of the spin susceptibility in absolute units and
microscopic description of the high- superconductors. the perpendicular spin susceptibility, . y. can be also
Undoped parent compounds of many high-cuprates obtained as a consequence of sum rules by applying the
are usually described as Mott-Hubbard insulators. Theyydrodynamics relationp, = (c¢/a)?x . [1,5], wherep;
exhibit an antiferromagnetic ordering below a Néel tem-is the spin-stiffness constant. We found tlyat measured
perature ranging between 250 and 420 K. This Néel stat| neutron experiments is smaller than expected from this
is well accounted for by a spiél-antiferromagnetic (AF) relation. This reduction of about 30% is presumably due
Heisenberg model on a square lattice [1]. The follow-to covalent effects between coppéorbitals and oxygen
ing Hamiltonian, H = —J >, $:S;, where the sum is p orbitals.
performed over spin pairs, is then used to describe the High quality LaCuQy, Nd,CuQy, and PsCuQ, single
AF ground state where the most essential and genericrystals of similar volume of abou.5 cn® were used.
parameter is the huge Cu-O-Cu superexchange interadteodymium- and prasedymium-based samples exhibit a
tion, J, within the CuQ plane. J is usually determined Néel temperature around 250 K whereas the AF transi-
by inelastic neutron scattering (INS) experiments whichtion occurs just above room temperature, 320 K, in the
probe the dispersion relations of spin-wave excitationslanthanum-based sample [6]. The samples were mounted
The intraplane AF superexchange is then deduced fromwith the reciprocal directions (110) and (001) within the
the measured spin-wave velocity as ¢ = 25v/2Z.Ja  scattering plane [these directions are referring to the tet-
(where a is the square lattice constans, = % and ragonal reciprocal lattice witl® = (h, h,q.). We used
Z. = 1.18 represents quantum corrections of the AFthe same axis in the case of orthorhombigCaQ,]. In-
ground state). Unfortunately, due to the large steepnessastic neutron scattering has been performed on the triple
of the in-plane spin wave dispersion (related to the largexis spectrometers 1T and 4F1, installed, respectively, on
value of J = 100-150 meV), the spin-wave velocity is thermal and cold source beams at the Orphée reactor,
not easily deduced from INS experiments. Therefore, &aclay. The (002) reflection of pyrolytic graphite was used
precise knowledge of is still needed in parent com- for both monochromator and analyzer. No collimation was
pounds of cuprates. Another essential magnetic parametased and a filter (graphite one on 1T and beryllium one on
is the spectral weight of copper spin susceptibility which4F1) was placed on the scattered beam to remove higher
has been, so far, accurately reported only in@a0, order contaminations.

[2,3]. The importance of these two parameters has been A special scattering geometry [7] was used in order to
recently emphasized in doped materials where an effealign the resolution spectrometer ellipsoid along the AF
tive J is found to be renormalized compared to the undine, i.e., the (001) direction. Namely, this focalization
doped case and the spectral weight is shifted to loweallows us to separate counterpropagating spin waves at
energy [3,4]. relatively low energies as compared with standard geome-

Here, we present, by systematic neutron scattering mearies [8,9]. We extend this techniqgue down to 15 meV.
surements, the spin wave excitations of three different parf-or such a geometry, only ore value is accessible for a
ent compounds of single-CyQayer cuprates. Especially, fixed energy transfer and a fixed final neutron energy. To
using an adapted focalized neutron scattering geometry, wee powerful, this geometry also requires very good sample
are able to determine their spin velocity with accuracy andnosaicities.
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FIG. 1. g scans across the magnetic line aroufid =
60 meV in three different monolayer undoped cuprates. Typi- . . -
cal counting time is 1 h per point. Full lines correspond toN@mical spin susceptibility [12,13k(Q, w), as

the convolution product of the Gaussian resolution ellipsoid by d’o F2Q) 1 0?
the spin-wave cross section Eqg. (1) with the spin susceptibility = rg — < - —C>
Eqg. (2). dQdo m(gup)? 2 02

Imy(Q, w)
1 — exp(—liw/kpgT)’

1)
We now preseny scans (constant energy transfer scan)
along the (110) direction in the three different monolayetvhere g = 0.292 barn, F(Q) is the atomic form factor
cuprates: LaCuQ,, Nd,CuQ,, and PsCuQ,. Figure 1 of CU* spins [1421] g = 2 is the Landé factor for copper
depicts g scans measured at an energy transfer aroungpins, andQ. = =-¢. is the component along the (001)
60 meV using the same experimental setup. The doubldirection of the scattered wave vect®, For an AF
peak structure is clearly seen injdGuQ, and in PsCuQ,  single layer cuprate, the imaginary part of dynamical
whereas only a flattened peak shape is observed isusceptibility of the low energy spin-wave excitations is
Nd,CuQy. This difference emphasizes a larger spingiven in absolute units by [13]
velocity in Nd,CuQ,. In order to improve at low energy V2
the determination of the spin velocity, we have applied in  Im x(Q, w) = SWZXZC(g,uB)Z— 8lw — cq]l, (@)
Pr,CuQ; this focalized geometry down # = 14.5 meV, a4
where a flattened peak shape is found (Fig. 2). Our datehereg is the in-plane wave vector component along the
in PnLCuQy represent a clear improvement of a previous(110) direction. The quantum corrections associated to
measurement [11]. the perpendicular susceptibility [1%,,, is included. The
Here, we focus on the low energy part of the spin waveconvolution product of the Gaussian resolution ellipsoid
spectrum in the limit where the dispersion relation for AFby the spin-wave cross section Eq. (1) with the spin
magnons is lineariw <« 2Z.J). However, at low en- susceptibility Eq. (2) gives (i) the dispersion relation of
ergy, the magnon spectrum exhibits gaps which are eithenagnons and (ii) the spectral weight of jm Theq scans
related to planar anisotropy or to interlayer interactionshave been fitted by this convolution product with four
[8,10]. The usual linear relation is thus recovered onlyfitting parameters: the magnon in-plane wave vegtghe
for energies slightly larger than these gaps. Because @mplitude of Imy, and a sloping background. We note
the large intraplane superexchange interaction in cupratethat the observed experimentalwidth along the (110)
this condition is fulfilled for energy above12 meV (see direction merely corresponds to that of the resolution.
Fig. 2). Above this energy, the spin-wave neutron cross In Pr,CuQy, the in-plane magnon dispersion is reported
section per formula unit can be written in terms of the dy-in Fig. 2 over a wide energy range. As expected, a linear
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dispersion typical of AF excitations is found with a slopeone measured in INS experiments even when quantum
which is the spin wave velocity; = 0.80 eVA. Com-  corrections of the AF ground state are considered. This
parison of the different; scans (Fig. 1) give8.85 eVA  discrepancy of about 30% for the three compounds is likely
for La,CuQy in agreement with a previous determinationdue to the covalence of coppérorbitals with oxygenp
by high energy neutron experiments [9] and=  orbitals [20]. Reducing the absolute scale of the atomic
1.02 eV A for Nd,CuQ; (see Table 1). The magnon wave form factor, such effects can explain the diminution of
vector, and so the spin velocity and the AF intraplanethe inelastic spectral weight of the spin susceptibility as
superexchange, are then found larger for,G@O; by  well as the low temperature ordered magnetization value
about 20% as compared with the two other systems. [8]. Consequently, the spectral weight of yndoes not
The spin susceptibility in absolute units has been exsolely determine the quantum corrections for the spin
perimentally estimated by a standard calibration [4] ussusceptibility.
ing acoustic phonons, whose dynamical structure factor is We now deduce as well as the quantum corrections.
known by lattice dynamics. The magnetic part has beei®ince there are more unknown parameters than the mea-
measured from high energy scans (Fig. 1) as well as frorsured ones, we need to use theoretical estimation for one
nonresolved low energy scans. In order to compare the parameter. Among the measured magnetic parameters,
observed spin susceptibility in absolute units with its theothe spin-wave dispersion curve is presumably the less al-
retical predictions [1], we calculate the average of Eq. (2Yered by frustration effect and disorder [21]. The quan-
over the two-dimensional (2Dg space perpendicular to tum correction to the spin wave velocity,. estimated
the (001) direction,jop = [dqop IMm x(Q, w)/ [dqop.  from different theoretical approaches [1,21] likely con-
In our experimental energy rangg;p is almost indepen- verges to a best value &, = 1.18 [22]. J is then con-
dent of energy;yap = S(gus)?Z,/2J. Values fory,p  fidently deduced from the spin wave velocity using this
are listed in Table I. In LeCuQ,, it compares well with  value (see Table I). Two other parameters are related to
two previous measurements [2,3]. On the one hand, Itoll. On the one hand, the spin-stiffness constant is usu-
et al.[2] have reported an effective value 6f= 0.17  ally modeled asp, = Z, JS* [21] (whereZ,, accounts
which is reduced from the spin numbes,= 1/2. That for quantum effects) On the other hand, a hlgh frequency
agrees with our observed spin susceptibily7u/eV  broad peak is observed in Raman scattering which is
(see Table 1), which is reduced by the same factor fronlikely interpreted as two-magnon processes with opposite
the classical spin susceptibility (Without guantum correc-momenta [17,18]. By means of the series expansions tech-
tions), Y5si® = S(gup)?/2J = 1.5u%/eV. On the other nique [23], the moments of the Raman intensity (the fre-
hand, Hayderet al. [3] have obtainedy.p = 2.5u%/eV, quency of the spectrum maxinig as well as line shapes)
which agrees in errors with our value [19]. have been related té, for instanceM,/J = 3.58. The
The perpendicular susceptibilityy,, deduced from quantum corrections for the spin stiffnegs, the perpen-
our INS measurements is then obtained by applying thdicular susceptibilityZ,, and the ratio between the first
relation y, = %2p/4S(gus)* [1] and listed in Table I. Raman scattering moment arichave been obtained and
x . can be independently deduced from the spin stiffnessqlso listed in Table 1.
ps, applying the standard hydrodynamics relation in the Surprisingly, only the quantum corrections found in
Heisenberg model (see Table I). Let us recall that thd.aCuQ, are in agreement with the theoretical predic-
spin-stiffness constant has been obtained in the Heisenbetigns [1] either based on series expansions [21,23] or
model from the two-dimensional correlation lengthp ~ based onl/S expansion linear spin-wave theory [22]:
above the Néel temperature @sp exp(zw’“) [5], &0 Zp, = 0.72, = 0.51, and wg/J = 3.58. The two
being itself measured using energy integrated neutrofther systems display larger quantum corrections for
scattering [15,16]. Surprisingly, the value pf deduced ps and y. which may be related to their different low
from p, is found to be systematically larger than theenergy spin excitations [10]. An even larger discrepancy

TABLE I. Magnetic parameters in three undoped single layer cuprates. The value of the spin stpfndsss been deduced
from previous energy-integrated neutron scattering experimeats.is the first moment of the Raman scattering daga, (INS)
and y, (p,) are deduced frony,p and p;, respectively (see text); a roughly constant ratio(INS)/ x . (ps) = 0.7 is found for the
three cuprates. Note thd}, is not simply related to’ due to the 2D character of the magnetic interactions in cuprates [8].

Parameter Ty c Yop = x . (INS) 27ps = x1(ps) J Z,, Z,=2Z,/72? wr/J
units K meV A uy/eVv ev! meV ev! meV
Errors *+20 +0.4 *0.05 *5 *0.04 *3 *0.05 +0.04
La,CuQ, 320 850 2.7 0.34 150 0.48 133 0.72 0.52 3%
Nd,CuQy 243 1020 1.8 0.22 137 0.33 155 0.64 0.46 2%
PrLCuQ, 247 800 2.3 0.29 114 0.44 121 0.6 0.43 34

3From [15]; ’from [11,16]; from [17]; %rom [18].
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is observed for the light scattering measurements likelyve deduceJ and the quantum corrections of the AF
due to the resonant nature of two magnon Raman scatteground state in undoped monolayer cuprates. The in-
ing [24]. Consequently, the neutron measurements whicplane antiferromagnetic superexchange couplingoes
determinep, as well as the light scattering experimentsnot exhibit a monotonous behavior versus the bonding
only give a rough estimation of. Cu-O-Cu length. The absolute spectral weight of the
We now relate the copper spin intraplane superexchangspin susceptibility is smaller than expected from quantum
determined by INS with the crystallographic distancescorrections [1], likely due to covalent effects. These
between copper atoms (Fig. 3). Cleatydoes not exhibit results provide a necessary ground for the understanding
a monotonous dependence versus the bonding Cu-O-Qif antiferromagnetism in the higfi- superconductors.
length in contrast to what could be expected. This outlines We thank S. Aubry, G. Collin, B. Hennion, S.V.
that the classical superexchange theory being only relatedaleyev, and L. P. Regnault for stimulating discussions.
to the Cu-O-Cu bonding is a too simple description.We also acknowledge L. Pintschovius and M. Braden for
Moreover, it has been recently stressed that the largtheir help concerning the LEuUQ, sample.
enhancement af is actually caused by another structural
unit, namely, the Cu-O-0O triangle [25]. Empirically, one
can distinguish a distorted tetragonal lattice and a perfec
square one. Indeed, appears to decrease sharply with
the distances between copper atoms inCldO, and in
PrnCuQ, (both having thel” phase, i.e., linear Cu-O-Cu [3] S.M. Haydenet al., Phys. Rev. Lett76, 1344 (1996).
bonding). Note that the largedtis found in NdCuQ, [4] P. Bourgeset al., Phys. Rev. B56, R11 639 (1997).
where the Cu-O distance exactly corresponds to the suni5] S. Chakravartyet al., Phys. Rev. B39, 2344 (1989).
of copper and oxygen ionic radius. The two other systems[6] H. Casaltaet al., Physica (Amsterdam?34B—236B 803
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