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Spin dynamics in the two-dimensional antiferromagnet La, CuO4
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G. Aeppli'
ATS T Bell Laboratories, NIsrray Hill, Net Jersey 0797$

H. A. Mook
Oak Ridge National Laboratory, Oak Ridge, Tennessee 8788$

S-W. Cheongt and Z. Fisk
Los Alamos National Laboratory, Los A/amos, Nets Mexico 87$$$

(Received 29 March 1990)

The magnetic dynamics of La&CuO& have been studied by means of inelastic neutron scat-
tering in the energy range 0 ( her & 140 meV. Experiments were carried out using a wide range
of incident neutron energies so as to optimize the experimental resolution in each energy range
studied. For energy transfers, A~ & 10 meV, and temperatures T in the range 5 ( T & 320
K, we find that conventional spin-wave theory gives a good description of the magnetic dynam-
ics. We obtain a low-temperature spin-wave velocity of Ac=850+30 meV A. For low energies,
A~ & 10 xneV, and temperatures corresponding to the paramagnetic phase, our data indicate a
response function consisting of overdamped spin waves and a quasielastic peak.

I. INTRODUCTION

Since the discovery of superconductivity in the
doped CuOz-based ceramics Laz e(Ba,Sr)eCu04 and
YBazCusOs+s, the magnetic properties of the stoichio-
metric parent compounds have attracted considerable at-
tention. However, the relationship between the antiferro-
magnetism present for some compositions and the super-
conductivity remains controversial. The magnetic cor-
relations in these materials have been characterized by
several microscopic techniques: light scattering, muon
spin relaxation, and thermal neutron scattering. ' Un-
fortunately, due to'restrictions in range (for momentum
and energy transfer) and resolution, the magnetic exci-
tations near the zone center have not been character-
ized quantitatively. We report here a neutron-scattering
study of the magnetic dynamics made over a range in

energy transfer comparable to the intraplanar coupling
constant. For our experiments we have used a wide vari-

ety of incident neutron energies (this was made possible
by using "epithermal" and "cold" neutrons from special
sources), thus optimizing the spectrometer resolution for
each of the energy regimes studied.

The undoped compound La2Cu04 is a Mott insulator.
There is a strong exchange coupling between the Cu~+

spins within the CuOq planes (see Fig. 1) and a weak cou-

pling between spins in neighboring planes: the anisotropy
of the coupling is about 10 . This large anisotropy
means that we have an excellent realization of a system
with two-dimensional (2D) antiferromagnetic coupling.
The weak coupling between spins in neighboring planes
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FIG. 1. Crystal structure of La&Cu04.

causes the system to order antiferromagnetically at about
300 K. The Neel temperature is very sensitive to doping,
both by the substitution of Ba, Li, or Sr on the La sites
and by the variation of the oxygen stoichiometry. s

Initial "energy-integrated" (the integration range ex-
tended to energy transfers with magnitude 30 meV)
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neutron-scattering investigations showed that LazCu04
exhibits strong 20 magnetic correlations over a wide
range in temperature. The data were consistent with
the scattering being strong along rods in reciprocal space,
as would be expected for a 2D system. Inelastic neu-
tron scattering revealed that the spin fluctuations had a
large energy scale (&10 meV), s characteristic of a sys-
tem with strong coupling between spins. However, ex-
periments performed with thermal neutrons were unable
to resolve the spin-wave branches: they provided only a
lower bound to the coupling constant. In our study, we
were not restricted by the kinematic constraints of ther-
mal neutron scattering, and we were thus able to resolve
the branches at high-energy transfer.

dao kg z y"(q, ~)
dQ dE' k. 1— (3)

III. EXPERIMENTAL

where (f(Q)( is the magnetic form factor and y(q, u) is
the generalized spin susceptibility. For the case of spin
waves with damping we will use the form

y(q) I' ~1'i u)I'i

2 i, I'2i+ (ur —cq)z I'zi + (~ + cq)z]

(4)

where we have expanded the wave-vector-dependent sus-
ceptibility in the form y(q) (q + ( ) . This was
also the form used to fit the simulation results of THC.

II. PRELIMINARIES

It has been suggested that LazCu04 in its pararnag
nefic state is a good model for the 2D spin-z Heisenberg
antiferromagnets described by the Hamiltonian,

where the sum is over nearest-neighbor spins in the same
Cu02 plane. In an ideal 2D Eleisenberg system, thermal
fluctuations would destroy the long-range order at finite
temperature. The disorder is characterized by a length
scale g, the correlation length. For sufficiently large wave
vectors (i.e., q » ( i) sharp propagating modes should
exist even in a magnetically disordered (paramagnetic)
medium. s In the regime where a i » q » g i, the con-
ventional cross section for the scattering of neutrons from
antiferromagnetic spin waves may be written (in the ab-
sence of spin-wave damping) in the formi

der k
, = -LA(ur)[ b(~ —cq)b(Q —q —G)

+b(~+ cq)b(Q+ q —G)j, (2)

At high temperatures La2Cu04 has the K2NiF4 struc-
ture. It undergoes a tetragonal to orthorhombic distor-
tion at about 530 K, which involves a staggered rota-
tion of CuOs octahedra. Our crystals were grown from
CuO-rich melts contained in a large Pt crucible (300 ml).
High-purity powders of LazOs and CuO were mixed in a
stoichiometric ratio of La:Cu=l:2, heated above the peri-
tectic melting temperature to ( 1588 K), then slowly
cooled down to the peritectic point 1303 K, and fi-

nally quenched to room temperature. Crystals as large
as 5 x 5 x 0.1 cms formed on the surface of the flux. Af-
ter they were removed from the flux, the crystals were
annealed at 1023 K under a flow of He gas and then
furnace cooled to room temperature. Magnetic mea-
surements on the crystals showed a sharp antiferromag-
netic transition in the sense that the full width at half
maximum (FWHM) of the susceptibility peak associated
with the antiferromagnetic transition was 13 K. The
room-temperature lattice parameters (determined from
x-ray diffraction) were a=5.375(2) A, 6=13.156(4) L, and
c=5.409(2) A. ; note that throughout our work we follow
previous practice and label points in reciprocal space us-
ing orthorhombic notation (see Fig. 1). The Neel tem-
perature for our crystals varied from 260+5 to 290+5 K,

where k; and ky are the initial and final neutron wave
vectors, respectively, and the scattering vector and the
energy transfer are defined as g = k; —ky and h~
= E; —Ey, respectively. G is an antiferromagnetic re-
ciprocal lattice vector and A(u) (I/u)(1 —e " ~)
contains a thermal population factor as well as the ma-
trix element connecting the Neel state and a one-magnon
state. We shall use the form (2) to analyze our high-
energy measurements.

At low energies, M & hg i, we would expect colli-
sions to cause the spin waves to be overdamped. This
leads to a "quasielastic peak" for small wave vectors,
which would narrow with decreasing f i and turn into
a magnetic Bragg peak if the system were to order two
dimensionally. The magnetic excitation spectrum in this
regime has recently been simulated by Tyc, Halperin, and
Chakravarty (THC). i2 We can write the inelastic part of
the differential cross section in the form,
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FIG. 2. The temperature dependence of the (100) mag-
netic Bragg peak intensity for two individual La2Cu04 crys-
tals. The differing intensities are due to the use of different
spectrometers and sample volumes.
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with saturation of magnetic order for T&200 K. Figure 2
shows the variation of the (100) magnetic Bragg peak in-
tensity for two of the crystals used. The sample used for
the experiments at the highest-energy transfers consisted
of an aligned array of 15 single crystals with a total vol-

ume of 8 cm . These crystals were aligned such that their
in-plane axes coincided to better than 1.5'. At lower en-
ergies individual crystals were used. The crystals were
mounted on either a room-temperature stage or on the
cold finger of a 4He cryostat. For the inelastic (triple-
axis) and quasielastic (double-axis) measurements, the
horizontal scattering planes of the instruments used co-
incided with the (h01) and (ItkQ) [twinned with (OkA, )]
zones, respectively, of the crystals.

Measurements in the energy range 30( hu & 140 meV
were performed using INl, the triple-axis spectrometer
on the hot source at the Institut Laue-Langevin (ILL).
In our experiments we used incident energies of up to 290
meV. A vertically curved copper (20Q) monochromator
was used, with vertically curved graphite (002) or copper
(200) crystals as analyzers. Curving the monochromator
and analyzer allows a gain in signal at the expense of
the out-of-plane resolution of the spectrometer. This is
particularly useful here where the relaxed vertical reso-
lution can be used to integrate along the b' direction
in reciprocal space. Data were collected in two configu-
rations: for lower-energy transfers we used the graphite
(002) analyzer with a fixed final neutron energy, Ey ——80
meV, at higher-energy transfers we used a copper (200)
analyzer with Eg ——150 meV. Higher-order contamination
present from higher-order refiections at the monochro-
mator was eliminated using nuclear i'esonance filters: a
0.4-mm-thick sheet of Er in front of the sample for Eg ——80
meV or 0.5 mm of Hf before and 0.4 mm of Er after the
sample for Ef——150 meV.

Triple-axis inelastic neutron-scattering data are usu-
ally collected as scans made as a function of momentum,

q, or energy transfer ~. If we wish to attempt to resolve
two branches for a system with a steep dispersion such
as LazCu04, it is best to perform scans with constant
energy transfer, her, as illustrated in Fig. 3. Resolution
considerations mean that if the dispersion relation is lin-

FIG. 3. Illustrates how constant energy scans were made
through the spin-wave dispersion surface. The ellipsoid rep-
resents the instrumental resolution.

ear, it is most favorable to work at high-energy transfers
(and hence to use epithermal neutrons) to resolve the
two branches. To arrive at the results presented in Figs.
4 and 6, we performed constant M scans in the vicinity
of the (100), (201), and (300) magnetic zone centers. As
we increased the energy transfer, kinematic restrictions
meant that it was necessary to increase the incident and
final neutron energies as well as the length

~ Q ) of the scat-
tering vector. Each time the configuration was changed,
scans were repeated at an energy transfer already mea-
sured, and the results used to cross calibrate. The scan
directions were chosen to be optimal from resolution and
background considerations. The energy and momentum
resolutions (FWHM) were typically of order 10 meV and
0.05 A, respectively.
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FIG. 4. INl (hot source, ILL) scans through the antifer-
romagnetic zone center for energy transfers Au=30, 50, 100,
and 140 meV. Due to kinematic restrictions, scans must be
xnade under dil'erent conditions, thus the centers of the scans
in momentum transfer were Gr——(100), (201), (201), and (300),
respectively. The deviation of the scattering vector Q from
G projected along (001) is q. The solid line represents a
full resolution corrected fit of spin-wave theory to the data
(see text). The dashed line in the upper frame corresponds
to the resolution corrected cross section calculated for spin
waves with infinite velocity for 5m=140 meV. The 30 and
50 meV scans were collected with a Cu(200) monochroma-
tor, a pyrolitic graphite (002) analyzer, and collimation of
25'-40'-20'-40'. The 100 and 140 meV scans were collected
with a Cu(200) monochromator, a Cu(200) analyzer, and col-
lixnation of 25'-20'-40'-60'. Note that the 140-meV scan was

perforxned on a saxnple volume of 8 cm; other scans were
perforxned using a sample volume of 2 cm .
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The thermal beam triple-axis spectrometer IN8 at the
ILL was used to make measurements in the energy range
5& fuu & 40 meV. Vertically curved Cu(111) and Cu(220)
monochromators were used with a vertically curved py-
rolitic graphite (002) analyzer. A graphite filter was
placed in the scattered beam, and a final energy of 14.7
meV was used. The monitor for the incident beam
(used to determine the counting times) was corrected for
higher-order contamination.

In order to characterize further the response at low

energies, we performed high-resolution measurements on
the cold-source triple-axis spectrometer TAS6 at Rishi

National Laboratory, Denmark. Here we used a vertically
curved graphite (002) monochromator and analyzer. The
final energy was fixed at 8.09 meV, with a graphite filter
placed in the scattered beam. Under these conditions,
constant h~ scans performed in the manner described
above are resolution limited. Thus we performed con-
stant iI scans. The energy resolution for M = 0 under
these conditions is 0.5 meV (FWHM).

IV. RESULTS

Figure 4 shows IN1 (hot source) scans through the
antiferromagnetic zone center for various energy trans-

T=296K

Q =(2(OQ Ef——14.7 meV

~ W

M C
Z ~

200-

cn 100-

0
0.95 1.0

(r.l.u. )

W

30
I

251a

20
/

15
I

0
I

ho)=5 meV
I

1.05

FIG. 5. INS (thermal beam, ILL) scans through the anti-
ferromagnetic zone center (201). The solid lines are resolution
corrected fits of spin-wave theory (see text). The 5&v=5 and
10 meV scans were collected with monochromator, analyzer,
and collimation of Cu(ill)-PG(002) and 30'-20'-30'-40', re-
spectively; other scans were collected with Cu(220)-PG(002)
and 30'-20'-40'-60'. The data shown in the figure have not
been corrected for higher-order contamination in the incident
beam: to correct for this the intensity of the 5 and 10 meV
scans should be multiplied by 1.53 and 1.19, respectively. The
sample volume was 8 cm .

fers ~. As ~ increases, the scans become progressively
wider. For the largest hu (& O. l eV), two maxima can
be resolved in the scans. Figure 5 shows a series of longi-
tudinal scans through the antiferromagnetic zone center
at various energy transfers collected using the thermal-
beam triple-axis spectrometer IN8. We note here the in-

ability of thermal neutron scattering to resolve the spin-
wave branches. The scans are, however, significantly
broader than would be expected for spin waves of infi-

nite velocity.
The intensity distribution in our scans may be dis-

torted by the instrumental resolution. For a nominal
spectrometer setting (Qo, uo), the intensity is given by
the convolution is

I(go, ~o) = A R(Q Qo—, ~ ~o)S(Q, (u)dardg,

IO
l

~ &

107

10 =-

3+ 10'

0.2—

~ O. l—

0 ~
0

~ IN8

I I

50 100
hm (meV)

150

FIG. 6. Fitted spin-wave amplitudes (upper frame) and
wave vectors (lower frame) obtained from constant energy
scans for 7=296 K.

(5)

where R(b,g, b,u) is the instrumental resolution
functioni4 and the scattering law S(g,u) is defined by
dzo'/dQdE'=(ky/k;)S(Q, u) W.e analyze our data by
choosing a model scattering law and fitting a convolu-
tion of this with the instrumental resolution function to
the data, the integral (5) being performed numerically.

The solid lines in Figs. 4 and 5 represent fits of the
simple cross section (2) for conventional spin waves to
the data, while the dashed line in the top frame of Fig.
4 represents the calculated profile for an infinite spin-
wave velocity. From the fits we can obtain the vari-

ation of the spin-wave propagation vector, qo = ld/c,
and the overall spin-wave amplitude, A(u), with h~:
Figure 6 shows these results. For the energy range 10
& hu & 140 meV the energy dependence of the amplitude
can be well described by conventional spin-wave theory,

A(u) (1/u)(l —e "~&) i. The fitted pole positions
are shown in Fig. 6, and the corresponding spin-wave ve-

locities are bc=850+30 meV A and 750+30 meV A for
T=5 K and T=296 K, respectively.

In the low-energy regime, her & 10 meV in the para-

magnetic phase, we performed measurements at T=320
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K using a cold source triple-axis spectrometer. Figure
7(a) shows constant q scans on the rod and at a po-
sition nearby where no magnetic scattering is expected
(as a measure of the background and incoherent scatter-
ing from the sample). We might describe the observed
intensity as the sum of two components: a "quasielas-
tic" component (centered on zero energy) with a width
hF 1.5 meV and an approximately energy-independent
component visible for M & 5 meV. Following on from
the analysis of the higher-energy data, we first tried to
fit this data using the damped spin-wave cross section
given by Eqs. (3) and (4). The inverse correlation length
was chosen to be g ~=0.005 A. ~, the value predicted
from theorys at this temperature and in agreement with
a double-axis experiment on the same sample (see Fig. 8).
The damping constant for the spin waves hFq was chosen
to be 3.6 meV (see below). On performing the full con-
volution with the instrumental resolution function [Eq.
(5)], we obtain the dashed line in Fig. 7(b). We conclude
that the quasielastic peak cannot be explained by (4)
with the parameters we have chosen. Figure 9 shows the
simulated scattered intensity I(~) for a variety of values
for the spin-wave damping hFq, thus demonstrating that
this conclusion in unaffected by our choice for hFq. The
dashed line in Fig. 7(b), shows that a "spin-wave" cross
section, as defined by Eqs. (3) and (4), predicts a slowly

uar71ing scattered intensity under our experimental con-
ditions.

We can obtain a considerably better fit to the data if
we include an additional q-independent contribution to
the spectral function so that (4) becomes

La COO T=320 K
.& 1000

g 0} E = 3S.8 meV

800 -L ' two axis

z o 600-
E" 8

400—
ch 0 0
C

200
0.9 1

h (r.l.u. )

1 ( Age)Fg

(q'+0-') I, F&+(~-cq)'

+ Ag~Fg Az~Fz l
F2+ (~+ cq)z Fz+~z) '+

(6)

FIG. 8. A double-axis "energy-integrated" scan across the
2D rod. The direction of the outgoing neutron wave vector
was arranged to be parallel to the 2D rod at each point of the
scan. The ordinate refers to the elastic wave vector (hko).
For further details of the method see Endoh et al. The solid
line is a fit of the data to a Lorentzian convoluted with the
instrumental resolution function, which yields a value for the
inverse correlation length ( =0.005(2) A . Data were col-
lected with a Cu(111) monochromator and collimation of 12'-
20'-10'. The sample volume was ~1 cm and the instrument
used was IN3 on a therxnal guide at the ILL.

La CuO T=320 K
I I I

(R) E;-8.09 meU—
500

c 400
kg

a on rod-

u 200- ~ ~ & off rod-

100
o 0 44~ I I

I
8

I I

Z -„400—(b)
300—

o~ 200
U—100-

C 4p

ce 3p-

hc = 750 meVA

(' =o.oos k'
E= 8.09 meV

f
hI i

0.5 meV

-1.0 meV-

where Ft refers to the damping of the spin waves and
I'2 to the additional q-independent contribution. The
result of this analysis is shown by the solid line in Fig.
7(b), where the parameters obtained were hFq ——3.6+2.9
meV, hF2 —1.5 6 0.4 meV, and Aq/Az —4.9 + 1.4 for
T=320 K, choosing bc=750 meV A and g ~=0.005 A.

0
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FIG. 7. (a) TAS6 (cold source, Ris@) constant wave-vector
scans for positions on and off the rod: Q=(1,0.52,0) and
(1.06,0.52,0), respectively. The sample volume was 1 cm .
(b) The difference between the scans in (a) has been fitted
to a cross section consisting of spin waves and a quasielastic
peak as described by Eq. (6) (solid line). The dashed line rep-
resents the contribution of the spin-waves alone. Data were
collected with a pyrolitic graphite (002) monochromator, a
pyrolitic graphite (002) analyzer, and collimation of 90'-60'-
52'-66'.

I I
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hco (meV)

FIG. 9. Simulations of the scattered intensity (including
the eÃects of the spectrometer resolution) for the spin-wave
cross section described by Eqs. (5) and (4). The curves have
been calculated nuxnerically. The spectrometer conditions
correspond to those used to collect the data in Fig. 7.
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V. CONCLUSIONS

Recent calculations suggest that conventional spin-
wave theory should give a good description of the mag-
netic dynamics of LazCu04 for br' & kT It. can be
seen from Fig. 6 that to within the experimental error
our measurements bear this out. In fact, we find that
for T 300 K, our data agree with conventional spin
wave theory for h~ & 5 meV hg ~. We can use our
spin-wave velocity together with the Hamiltonian (1) to
obtain an estimate for the nearest-neighbor coupling con-
stant J. From classical spin-wave theory, the spin-wave
velocity is c = +8SJa. Quantum corrections~a for the
S =

z case increase c by a factor of 1.18 + 0.02, which
implies that our low-temperature spin-wave velocity, hc
= 0.85+ 0.03 eV A corresponds to an exchange constant
of J = 0.136 6 0.005 eV. From Raman scattering~ inter-
preted using spin-wave theory with quantum corrections,
J = 0.128 + 0.006 eV. Thus, the error-broadened values
obtained from (single-magnon) neutron scattering and
two-magnon light scattering agree. Finally, we note that
our analysis indicates a slight reduction in the spin-wave
velocity from 0.85 + 0.03 to 0.75 + 0.03 eV A on raising
T from 5 to 300 K.

We now turn to the lower-energy results. The dynam-
ics of the quantum 2D Heisenberg antiferromagnet have
been investigated theoretically using a number of tech-
niques. In the regime M & hcg, spin-wave interac-
tions are the main mechanism for damping. Grempel
estimated the order-parameter relaxation rate for q=0
using a coupled-mode calculation and found that hFz

hc( (T/2xp, )&. Tyc, Halperin, and Chakravarty~2
used numerical simulation supplemented by dynamic-
scaling considerations to predict y(q, u). Their predic-
tion for hF2 is in agreement with that of Grempel. We
do not attempt here a detailed comparison with the sim-
ulated g(q, u), since our q resolution is relatively poor.
However, we can compare the theoretical and experi-
mental results for hF2. Using Grempel's formula with
the values p, ~ 0.15J, J=0.13 eV, and ( ~=0.005 A
appropriate for our experiment at T=320 K, we obtain
hing ——1.7 meV, in good agreement with the value obtained
directly from the measurements described in Sec. III.

In summary, we have measured the magnetic dy-
namics of La2Cu04 over the energy range 0& h~
& 140 meV. In both the antiferromagnetic as well as
the paramagnetic phases, we find that conventional spin
wave theory gives an excellent account of the data with
4u & hc( ~. In other words, classical theory yields the
observed forms for not only the dispersion relation but
also the spin-wave amplitudes.
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