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Neutron-scattering techniques have been used to study the magnetic structure and spin dynamics of
the Pr and Cu spins in PrzCu04. In the ordered state the Cu spin-wave velocity c has been determined to

0
be 0.85+0.08 eVA, which corresponds to an in-plane nearest-neighbor exchange constant J=130+13
meV. A spin-wave gap of -5 meV has been observed, corresponding to a reduced anisotropy constant
aI~=(J —J"")/J of -2X10 . In the paramagnetic regime the evolution of the Cu spin-correlation
length with temperature is adequately described by the renormalized classical theory for the quantum
nonlinear sigma model. For the Pr ions, significant dispersion is observed for the first excited-state
crystal-field level, directly demonstrating that there are Pr-Pr exchange interactions both within the a-b
plane as well as along the c axis. These interactions along the c axis must be mediated through the CuO
planes which are also involved in superconductivity in these cuprate materials. A singlet-doublet mag-
netic exciton mode1, with Pr-Pr Heisenberg exchange terms as large as -0.8 meV, provides a good
quantitative description of the measured dispersion relations. The temperature dependence of the mag-
netic excitons also can be qualitatively understood with this theory if the exchange terms are modified by
a temperature-dependent renormalization factor. The zero-field ordered moment at low temperatures
for the Cu is determined to be 0.40+0.02'&, in good agreement with results reported by other groups.
However, field-dependent diffraction measurements suggest that the correct Cu spin structure is the non-
collinear one, where spins in adjacent layers along the c axis are orthogonal, rather than the collinear
structure assumed by other groups. This noncollinearity is also reAected in the configuration of the
small induced moments (0.08+0.005p&) that develop at low temperatures on the Pr ions. The
magnetic-field —temperature phase diagram for the case of an applied field along the [110]direction re-
veals that the spin-rotation energy increases rapidly with decreasing temperature from -200 K down to
4.5 K.

I. INTRODUCTIQN

Magnetism studies of the insulating R2Cu04 materials
and their electron-doped sup erconducting compounds
R2 „Ce„CuO~ (R =Pr, Nd, Sm, and Eu) have shown
that these materials exhibit a variety of interesting mag-
netic behavior involving both the rare-earth and the
copper spins. ' ' The very strong Cu-0 bonding in the
a-b plane gives rise to a magnetic energy scale much
larger than the typical phonon energy scale, and pro-
duces two-dimensional- (2D) like magnetic behavior;"'
the weak exchange coupling along the c axis then induces
long-range antiferromagnetic order at a relatively modest
T& in the range 250—300 K. ' Hence the Cu spins
provide one of the best physical realizations of a 2D
quantum Heisenberg antiferromagnet —a system of cen-
tral importance itself in the study of quantum mag-
nets. ' ' No long-range order is observed in the super-

conducting phase, but the large magnetic energy scale
within the Cu-0 planes persists, and has supported
speculation that magnetism may be directly involved in
the formation of the superconducting state. The rare-
earth ions, on the other hand, typically order at much
lower temperatures ( (6 K.) in both the insulating and the
superconducting phases. ' The coexistence of long-
range rare-earth magnetic order with superconductivity
in these systems has provided an interesting situation
where the interplay between the two cooperative phe-
nornena can be studied.

In this paper, we report our neutron-scattering studies
of the magnetic structure and spin dynamics of the Pr
and Cu spins in Pr2Cu04, which address three aspects
concerning the magnetism of this class of materials. The
first aspect concerns the dynamics of the Cu spins, which
are dominated by the huge isotropic in-plane exchange
interactions. The spin-wave branches propagating in the
a-b plane are thus highly dispersive, but we have been
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able to resolve the +q and the —
q branches of these

modes, and thereby make a direct determination of the
spin-wave velocity and corresponding isotropic in-plane
exchange constant. Moreover, no significant dispersion
of the spin-wave excitations was observed for propaga-
tion along the c axis, which rejects the underlying 2D na-
ture of the magnetic interactions. The 2D in-plane corre-
lations between the Cu spins persist at temperatures well
above T~, and the evolution of the 2D correlation length
above T~ is well described by predictions' ' based on
the renormalized classical theory of the 2D quantum
nonlinear o. model, in analogy with the work done on
similar systems.

The second aspect concerns the magnetism of the Pr
ions. Previous inelastic-neutron-scattering measurements
have demonstrated that Pr magnetic excitations predom-
inantly are of the single-ion type in the form of transi-
tions between crystal-field split levels of the ground-state
multiplet, with an overall energy scale of -88 meV. '

In this scheme, the ground state is a nonmagnetic singlet,
with the first excited state a doublet at —18 meV. How-
ever, the net exchange field from the ordered Cu spins
along with admixtures from higher state multiplets leads
to an induced moment at low temperatures of -0.08pz
on the Pr, which is much smaller than the free-ion value

gJ =3.2pz. We measured this 18-meV singlet-doublet
crystal-field transition and found that it exhibits disper-
sion as large as 1.2 me V, directly demonstrating
significant exchange interactions between the Pr ions.
Moreover, this dispersion is observed for excitations
propagating not only in the a-b plane, but along the c axis
as well. The presence of magnetic interactions mediated
through the copper-oxygen layers is significant in light of
the fact that the same layers are involved in superconduc-
tivity in the electron-doped compounds. The measured
data can be described quantitatively by a singlet-doublet
magnetic exciton model analogous to that employed to
describe Pr metal. Our dynamical measurements of
the Pr magnetic excitons are the first such studies of any
rate-earth spins in the cuprate systems.

The final aspect of magnetism concerns the magnetic
structure and the magnetic-field —temperature (H- T)
phase diagram in the case of an applied field along the
crystallographic [ 110] axis. Zero-field neutron-
di6raction data cannot distinguish between the two pro-
posed antiferromagnetic models for the Cu spin struc-
tures, namely, the collinear and the noncollinear model.
The collinear model consists of spins that are either
parallel or antiparallel along a single direction, the [110]
direction in this case. The noncollinear model also con-
sists of a simple antiferromagnetic arrangement of spins
within each layer, with the spins along an edge direction,
but an orthogonal arrangement between spins in adjacent
layers. Thus the spin direction shifts from [100] to [010]
from layer to layer. Resolving the ambiguity of the spin
structure can be done via application of a symmetry-
breaking magnetic field, and our field-dependent mea-
surements with an applied field along [110]strongly sug-
gests that the Cu spin structure is of the noncollinear
type. This noncollinearity is also rejected in the
configuration of the induced moments of the Pr ions.

The same applied field was also used to measure the H-T
phase diagram, which reveals a rapid increase of the
spin-rotation energy with decreasing temperatures from
-200 K down to 4.5 K.

II. EXPERIMENTAL PROCEDURES

PrzCuO4 crystallizes in the tetragonal T' structure
(space group I4/mmm). The Cu ions occupy a body-
centered tetragonal lattice, and in the a-b plane there are
intervening 0 ions that form strong bonds, while there
are no apical O ions in contrast to the LazCu04 type ma-
terials. Hence the Cu-0 sheets form a square-planar lat-
tice. The Pr sublattice is of the same symmetry as the Cu
but with a two-ion basis. We employed two single crys-
tals in the present studies. One crystal weighed —175 mg
with approximate dimensions 1.5X1.2X0.05 cm, and
was used to investigate the magnetic Bragg intensities as
a function of temperature and applied magnetic field.
The room-temperature lattice constants are a =3.943 A
and c =12.15 A and the observed Neel temperature of
the Cu spins is 284+1 K. The growth and preparation
techniques can be found in the literature. Zero-field
data were collected at the BT-2 and BT-9 triple-axis spec-
trometers at the National Institute of Standards and
Technology Research Reactor employing neutrons with
energy 14.8 meV (A, =2.35 A), while the field-dependent
data were collected at the NG-5 SPINS spectrometer us-
ing neutrons with energy 4.6 meV (A, =4.2 A). The (002)
refiection of pyrolytic graphite (PG) crystals was used to
monochromate the incident neutron beam.

The second sample was a much larger single crystal
weighing —7 g with approximate dimensions
2. 8 X 2.2 X0.2 cm, and was used for our inelastic-
neutron-scattering measurements of the spin dynamics.
This crystal has lattice parameters of a =3.958 A and
c =12.19 A at T=10 K, and a Neel temperature of
251+1 K. We note that both the lattice constants and
Neel temperature are functions of the oxygen con-
tent. ' Dynamical measurements were conducted at
the BT-2 and BT-4 triple-axis instruments and the
configuration was mostly in an energy-loss mode employ-
ing either fixed incoming or fixed final energy, with the
use of a PG analyzer. The fixed neutron energies were
typically 13.7 or 14.8 meV, while limited data were also
obtained with fixed incident energies of 34.5 and 41 meV
to crosscheck our results. Measurements of the Cu spin
waves were made with the constant-energy method,
whereas measurements of the Pr crystal-field excitations
were made with the constant-Q technique. For measure-
Inents involving energy transfers ~30 meV we used a
Cu(220) monochromator which provides better resolution
for these higher-energy transfers. Finally, for the mea-
surernents of the two-dimensional correlation length we
used a PG(002) monochromator set to refiect neutrons
with energy of 28 meV. No analyzer was used for these
particular experiments to facilitate an experimental in-
tegration over energy. In all of our elastic and inelastic
experiments, PG or cold Be filters were used to reduce
contamination from higher-order wavelength neutrons
below observable levels. Further instrumental details will
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be given when the data are presented.
For the sample environment, we used closed-cycle heli-

um displex refrigerators which have a temperature range
from 10 to 500 K for the majority of the experiments.
The sample was mounted for scattering experiments in
the (hhl) scattering plane, and was sealed in an Al holder
with helium-exchange gas, which was attached to the
cold finger. A top-loading ILL-type cryostat that had a
low-temperature capability of —1.5 K was used for a few
low-temperature measurements. Finally, for our field-
dependent experiments we employed a vertical-Geld su-
perconducting magnet capable of providing a maximum
field of 7 T. The magnet is equipped with a dedicated
helium-gas-fiow cryostat capable of reaching liquid-
helium temperatures.

III. FIELD-DEPENDENT DIFFRACTION
MEASUREMENTS

A. Noneollinear spin structure

Pr2Cu04

N N I =Pr
40

(a) Collinear

Q

(b) Noncollinear

FIG. 1. Spin-structure models for the Cu and Pr ions. (a)
Domain of the collinear model, where the spins are aligned
parallel or antiparallel along [110]. The antiferromagnetic
propagation vector q=( 2 20) is in the same direction as the or-
dered spins. (b) Noncollinear model, consisting of a simple anti-
ferromagnetic configuration in the a-b plane, while the spin
direction alternates from [100] to [010] as one proceeds along
the c axis.

Below the (measured) T&=284+1 K a series of 3D
magnetic Bragg peaks arising from the Cu spin ordering
was observed in our zero-field di6'raction experiments on
the small crystal. All of the observed magnetic peaks can
be indexed based on the chemical unit cell by the indices
(h /2, k/2, 1), where h, k are odd integers and I is any in-
teger. The same indexing is also found in all the other
tetragonal R2Cu04 compounds. ' The positions and
intensities of these magnetic Bragg peaks can be account-
ed for quantitatively by two separate but related models
for the Cu spin structure. ' One possibility is the col-
linear model, in which spins are either aligned parallel or
antiparallel to a single direction, as shown in Fig. 1(a).
For PrzCu04 this direction must be the [110] in order to
account for the observed intensities. The magnetic

configuration can be described by an antiferromagnetic
propagation vector q which is parallel to the ordered
spins, and the magnetic symmetry is orthorhombic.
There is another domain with q and the spin direction
along [110]. The second model is a single-domain non-
collinear type as depicted in Fig. 1(b), which has tetrago-
nal magnetic symmetry. In the a-b plane this again con-
sists of nearest-neighbor spins being antiferromagnetical-
ly arranged, with the moments pointing along an edge
direction such as [100]. However, the spins in adjacent
layers are orthogonal, and hence the ordered moments al-
ternate along the [100] and [010] directions as one
proceeds along the c axis. This model is closely related to
the collinear model in that it can be viewed as the
coherent superposition of the two separate collinear
domains.

In addition to the Cu ordering, measurements of the
temperature dependence of the intensities indicated that
the exchange field at the Pr site originating from the or-
dered Cu spins induces a small moment to order at lower
temperatures on the Pr ions. The induced ordering is
such that the Pr ions are aligned antiparallel to the neigh-
boring Cu spins along the c axis as illustrated in Fig. 1(b).
Low-temperature values for the Cu and induced Pr mo-
ments were determined, respectively, to be 0.40+0.02IM~

and 0.08+0.005pz. We note that the Pr value is much
smaller than the free-ion value of 3.2pz, if it were as
large as the free-ion value the magnetic intensities at low
temperatures would be dominated by the Pr contribution,
as was the case in Nd2Cu04. ' The data in Fig. 2 show
the temperature dependence of the intensity of the ( —,

'
—,
' 1)

and ( —,
'

—,'3) Bragg peaks. The solid curve is a fit to the
higher-temperature data of a power law
(I CC [1—T/T& ] ~), which fits the data very nicely for the
Cu ordering in other electron superconductor systems. '

We obtain a value for P of 0.31+0.01 and a Neel temper-
ature of 284+1 K. The overall temperature dependence
of the Cu sublattice magnetization is adequately de-
scribed by a power-law behavior over the full tempera-
ture range, while the Pr contribution becomes significant
for temperature below -200 K as is obvious from the
Ggure. Note that the experimental data show a very
sharply defined ordering temperature, which assures us
that the oxygen homogeneity is quite good in this sample.
A similar sharp transition is also observed in the 7-g sam-
ple. We remark that we have taken rather complete sets
of data at selected temperatures, and have also made
measurements of the temperature dependence of the in-
tensities for a series of magnetic Bragg peaks. All of our
zero-field measurements are in good agreement with
those measured previously by other groups, "* and there-
fore for brevity these detailed results can be found else-
where.

Returning to the Cu spins, nearest neighbors within
the a-b plane are coupled antiferromagnetically, as they
are in all the cuprate systems. For the interlayer interac-
tion, the usual bilinear Heisenberg exchange terms be-
tween layers cancel on average due to the body-centered
tetragonal symmetry, rendering the system fully frustrat-
ed. The question then arises as to what higher-order in-
terlayer interactions stabilize the spin structure observed
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experimentally. If each domain of the collinear structure
is equally populated, as is customarily the case, then the
zero-field calculated intensities are identical for the two
spin configurations. This experimental ambiguity in the
spin structures may be resolved by applying a symmetry-
breaking field such as a magnetic field, and it is c1ear that
quite different behavior is expected for the two models if
the field is applied alternatively in the [110] and [100]
directions. Such field-dependent experiments for both
directions of applied magnetic field have been carried out
for Nd2Cu04 and they have shown unambiguously that
the Cu spin structure is the noncollinear structure shown
in Fig. 1(b). For the other systems investigated in a
magnetic field, including the present measurements, the
direction of the applied field has been restricted to the
[110]-type direction, which is the vertical-field supercon-
ducting magnet configuration routinely available. The
field-dependent measurements that have been carried out
in SmzCuO~ (Ref. 33) and Eu2CuO~, as well as for the
present system, show a striking similarity to those of

N12CuO& for fields along the [110] direction. Although
these latter measurements are only suggestive of the spin
direction, as discussed below, the overall similarity
strongly suggests that the correct spin configuration for
all these materials is the noncollinear one.

To understand the expected behavior for each model in
a field, we first note that the in-plane exchange interac-
tions are huge. Hence laboratory-size fields will have a
very small effect on these interactions, and nearest-
neighbor spins in the a-b plane will remain very close to
antiparallel. The principal effect of the magnetic field
will be to cause an overall rotation of the spins in each
Cu-0 layer, and to change the relative orientation of the
spin directions in alternate layers. Now consider the
effect of a field applied along the [110]-type direction if
the noncollinear model is correct. Initially the spins
make an angle of n/4 to .H, and as the magnitude of the
field is increased the spins will rotate into a configuration
where the spins are oriented -n. /2 to H for sufficiently
high fields. Since the rotated configuration is energetical-
ly difFerent from the zero-field (lower-energy)
configuration, removing the field will allow the spins to
relax back to their original (noncollinear) configuration.
Hence no significant irreversible effects for the intensity
as a function of applied field should be expected. For the
collinear model, on the other hand, the expected behavior
is very different. One domain would have the spins al-
ready perpendicular to the field, and there would be little
efFect on this. The other domain would initially have the
spins along the field direction, and these spins would then
want to rotate to become perpendicular to H, making the
second domain identical to the first. Upon removing the
field there is no driving force to populate the domains
equally again, and thus we would expect strong irreversi-
bility effects to be observed in the field-dependent intensi-
ties. Indeed this would be a typical technique to try to
produce a single-domain sample, assuming the spin struc-
ture were collinear.

Figure 3 shows the intensity variation for the ( —,
'

—,'1)
inagnetic peak measured as a function of H~~[110]. The
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is a fit to a power law for a series of peaks, and describes to a
good approximation the contribution of the Cu sublattice mag-
netization. Below -200 K an induced Pr moment also contrib-
utes to the scattering.

H (koe)
FIG. 3. Variation of the ( 2 2 1) magnetic Bragg peak intensi-

ty at T =75 K, first with increasing (open circles) and then with
decreasing H (solid circles), for H along [110]. No hysteresis
efFects are observed, as expected for the noncollinear spin model
[Fig. 1(b)].
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field was first gradually increased (open symbols) and
then gradually decreased (solid symbols), at a tempera-
ture of 75 K. The background contribution has been sub-
tracted from the measured intensities, which in turn are
normalized to unity at zero field. The decrease in intensi-
ty to zero with increasing H corresponds to the rotation
of the spins into a perpendicular orientation with respect
to the applied field. There is an absence of any observ-
able hysteresis e8'ects in the intensity, within experimen-
tal error. Identical scans were repeated for a series of
temperatures in the range 4.2—250 K. No hysteresis
effects were observed in the intensities of any of these
scans, thereby strongly suggesting that the noncollinear
model is the correct Cu spin structure. This noncollinear
structure is also rejected in the configuration of the in-
duced Pr moments as displayed in Fig. 1(b).

Experimentally, no significant hysteresis has been ob-
served in this field configuration for any of the electron
systems. For Nd&Cu04, it is known that the Cu spin
structure is noncollinear, and thus it is likely that the
noncollinear model represents the correct spin
configuration for all members of the tetragonal T'
R2Cu04 systems. One possibility is that the noncollinear
configuration is stabilized by a weak biquadratic ex-
change interaction between nearest-neighbor spins in ad-
jacent layers; such an interaction would not be ex-
pected to play a major role in stabilizing the spin
configuration for the related orthorhombic La2Cu04 sys-
tern since the breaking of the tetragonal symmetry gives
rise to additional interactions which dominant the inter-
layer interactions. ' However, the correct
identification of the dominant interaction which dictates
the ground-state configuration of the T' systems is still an
open question.

B. Magnetic-Seld-temperature phase diagram

We have made measurements of the magnetic-
field —temperature (H-T) phase diagram for the case of
the field H applied along [110];this is exactly the same
kind of measurement discussed in the previous section.
The field makes an angle of m. /4 with respect to the initial
Cu spin direction in the antiferromagnetic (AF) state, and
the spins then rotate and orient at an angle -m/2 with
respect to the applied field direction. We remark that
this "spin-rotated" state, which we designate R~, is
directly related to the spin-Aop transition that would be
expected if the field were directed along the [100] direc-
tion, an arrangement that is inaccessible with the magnet
system presently available. We thus determined the AF-
Rz phase boundary by making Geld-dependent measure-
ments at a series of temperatures. Figure 4 displays the
variation of intensity for the ( —,

'
—,'1) peak with increasing

H for a series of temperatures between 4.5 and 200 K. As
previously discussed, the decrease in intensity of the
( —,

'
—,'1) peak to zero corresponds to the rotation of the

spins into the Rj state. Notice that larger fields are re-
quired at lower temperatures to bring the spins into this
perpendicular orientation.

For temperatures ~ 50 K [Fig. 4(a)], the dependence of
the rotation angle 0 of the Cu spin direction as a function
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FKJ. 4. Field dependence of the ( ~ —,'1) peak intensity at a
series of fixed temperatures with H along [110]. Dashed curves
in the figure and solid curves in (b) are fits to equations de-
scribed in the text.

of H can be described by the relation sinO=H/H„where
H, is the critical field for the transition into the R~ state.
This relation is the expected ground-state behavior for a
tetragonal system for the case of H~~[110], ' ' and re-
sults of the fits to this relation are given by the dashed
curves in Fig. 4. However, for higher temperatures, the
relation tan(8)=H/H, provides a better representation
of the data, as exemplified by the solid curves in Fig. 4(b).
[The relation tan(28) =(H/H, ) is expected for an ortho-
rhombic compound, such as La2Cu04, in the case
where the applied field is at an angle m/4 from the spin
direction. ] The underlying reason for the agreement
with the field-dependent data in Fig. 4(b) is not yet clear.
Moreover, this relation also describes quite well the
behavior of the field-dependent intensities in the tetrago-
nal NdzCu04 and Sm2Cu04 compounds at all tempera-
tures down to -5 K, which seems to suggest that this
behavior may be a general property for these tetragonal
materials, with the behavior given by sin(8) =H/H, the
exception. Values for H, obtained from the fits will
represent the AF-R~ phase boundary in the H-T phase di-
agram presented below.
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FIG. 5. (a) Temperature dependence of the ( 2 ~ 2) peak inten-

sity under a series of applied fields along [110]. Solid curves are
fits to the power law I=I(0)[l—T/T&] s. (b) Plot of TN ob-
tained from the power-law fits in (a) vs the applied field H, re-
vealing a shift of Tz of -2' under a 7-T field.

For the determination of the upper phase boundary be-
tween the Ri state and the paramagnetic state (P}, we
measured the temperature dependence of the ( —,

'
—,'2) peak

intensity under a series of applied fields with the results
displayed in Fig. 5(a). The data have been corrected for
background contribution. These plots are directly related
to the square of the Cu order parameter, and the solid
curves drawn through these plots are fits to the power
law I(T)=I(0)[1—T/TN j ~, with P=0.31 as already
discussed. In fact, in the layered CuO systems with no
spin reorientations and no rare-earth Cu coupling, such
as SmzCu04, ' this power-law behavior describes quite
well the full temperature range of the data. ' The
values of TN obtained from the fits are plotted in Fig. 5(b}
as a function of the applied field, revealing an increase of
T& of -2 under a 7-T field. This is a smaller increase
compared to that found in other tetragonal R2Cu04 sys-
tems, namely, -3.5' for Nd2Cu04 (T&=276 K) (Ref.
30) and -4' for EuzCuOz (T&=265 K). Values of Tz
as determined from the power-law fits represent the phase
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boundary between the R~ state and the P state.
The two measured phase boundaries of the H-T phase

diagram for the case of applied field along [110]are plot-
ted in Fig. 6. It is evident that the AF-R~ phase bound-
ary rapidly increases with decreasing temperature from
T-200 down to 4.5 K. Above 200 K this field value is
very small and it perhaps increases slightly towards the
upper R~ —P phase boundary. Measurements above
-250 K become difficult to perform as the intensity for
the ( —,

'
—,'1}peak, which has the strongest intensity of all

the magnetic peaks, rapidly drops as T T&. Although
similar behavior of the AF-R~ transition as determined
from neutron diffraction is found in Nd2Cu04 and
Eu2Cu04 for a wide range of temperatures, the spin-
rotation transition in these materials decreases again at
lower temperatures. ' The Nd-Cu coupling in
Nd2Cu04 has been mentioned as a possible reason for the
decrease in this transition. However, the same cannot be
said for Eu2Cu04 since the Eu + ions are nonmagnetic
and only a small anomaly has been seen in the order-
parameter measurement. It has yet to be determined in
Pr2Cu04 whether the AF-R~ transition will decrease
below 4.5 K, which is the present lowest available tem-
perature. Magnetoresistance techniques have also re-
vealed a monotonic increase of H, down to T-150 K
(H, -22 T) in the related orthorhombic LazCuO~ system,
for the case of the applied field oriented at an angle
-m/4 to the ordered spins.

IV. DYNAMICS OF THE Cu SPINS

A. Paramagnetic Cu spin correlations

Measurements of the temperature dependence of the
2D inverse correlation length ir2D=1/g'zD(T) have been

FIG. 6. Magnetic phase diagram for Pr2Cu04 in the H-T
plane for the case of H applied along [110],displaying the anti-
ferromagnetic (AF) region, the paramagnetic region (P), and
the perpendicular orientation region (R&) where the spins are
oriented -m/2 to the applied field. Measurements for the
determination of the phase boundaries were made along the
paths indicated.
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made in a number of the layered cup rate materi-
als. ' ' ' We have carried out more detailed measure-
ments of ~2D in Pr2Cu04 compared to previous data, in
the temperature range T& & T~475 K where the spins
between CuO layers are weakly correlated. In this re-
gime the system is expected to exhibit the behavior of a
2D S =

—,
' quantum Heisenberg antiferromagnet

(QHAF), ' ' which is a model of interest in studies of
quantum magnets. Analytic results are not yet available
for this model, but approximate theoretical methods and
simulations have been efFectively employed to calculate
the spin-spin correlation length $2D as a function of tem-
perature. '

Due to the 2D nature of the magnetic interactions
above Tz, the scattering in reciprocal space forms rods of
intensity, and the width of these rods is a direct measure
of ~2D. Data were collected on the -7-g single crystal
using an incident energy E; =28 meV and collimations of
60' before the monochromator, and 20'-20' before and
after the sample. Scans were taken across the ( —,', —,', l)

rod, and we chose I =0.343 since this is the condition
where the final neutron wave vector kf is parallel to the
2D scattering rod, allowing an experimental energy in-
tegration from approximately —k~ T up to the incident
neutron energy +E;. For the temperature range of in-
terest the dominant contribution to the dynamic 2D spin
fluctuations is contained within this energy range, and
thus this technique will provide an accurate measure of
/AD as demonstrated in the related systems. ' Figure 7
shows data obtained at three difFerent temperatures, and
the solid curves are fits to an intrinsic Lorentzian convo-
luted with the (Gaussian) resolution function. The small
slope to the background arises from the background vari-
ation with scattering angle. The peak in Fig. 7(a) has a
width which is close to the instrumental wave-vector
resolution, while at higher temperatures the intrinsic
widths obviously increase, reQecting the reduction in the
spin-correlation length with increasing temperature.

The integrated intensities of the 2D peaks are plotted
versus temperature in Fig. 8(a). The rod intensity in-
creases steadily as Tz is approached from above, reaches
a maximum at around T&, and then decreases below T&.
Similar behavior is also observed in Nd2Cu04 (Ref. 4) and
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FIG. 7. Energy-integrated scans across the magnetic rod
( —'2 l) at a series of temperatures. The solid curves are fits to a
convolution of a Lorentzian function with a Gaussian resolution
function. A sloping background is also included in each fit.

FIG. 8. (a) Temperature dependence of the integrated inten-
sity for the 2D rods as shown in Fig. 7. The three-dimensional
ordering temperature for this crystal is 251 K. (b) Temperature
dependence of the inverse correlation length for the Cu spins.
The solid curve is a result of the fit using Eq. (1).
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La2Cu04, for example, and is consistent with a cross-
over from 2D to 3D behavior; below T& there is a remo-
val of intensity from the 2D rod as the 3D Bragg peaks
appear and grow in strength. The gradual variation of
the rod intensity with temperature has been interpreted
as an indication of the 3D transition driven by weak in-
terlayer coupling. However, it has also been suggested
that for the case of the tetragonal R2Cu04 materials a
crossover to a 2D xy model is first expected to occur as
T~T~ from above, driven by the anisotropy in the
Heisenberg exchange interactions, and this would be fol-
lowed by a crossover to a 3D xy system. ' For the level
of data available in this system so far, either scenario is
consistent with the observations.

Figure 8(b) shows the temperature dependence of the
measured ~2D, where the 2D correlation length evolves
from a few lattice constants at T =475 K up to -80 lat-
tice constants at T =260 K. The experimental data are
in good agreement with the data obtained by other
groups ' where they overlap. The solid curve is a fit to
the prediction based on the renormalized classical theory
of the 2D quantum nonlinear o. model given by'

1.15J
$2D=0.493a exp

B

kBT
1 —0.43 J

2
kBT+0

B. Cu spin waves

Since the noncollinear spin structure of the tetragonal
R2Cu04 compound is comprised of four sublattices, the
dispersion relations of the Cu spin waves, in general, con-
sist of four branches. To leading order, all of the four
branches propagating in the a-b plane are degenerate and
highly dispersive, with a spin-wave velocity c which is ex-
pected to be very large as found in the other cuprate ma-
terials such as LazCuO„(c =0.85+0.03 eV A}. ' Due
to the very steep nature of the dispersion propagating in
the a-b plane, it was necessary to make measurements of
the spin-wave velocity with the constant-energy tech-
nique, in order to try and resolve the +q and —

q spin-

where a is the lattice parameter and J is the nearest-
neighbor exchange constant as determined below. The
model is assumed to describe the behavior of the 2D
QHAF in the long-wavelength limit at low temperatures
(kz T « J), and we have kept only the first two terms in
the fit. The model provides an adequate representation of
the data at higher temperatures, as has been found for the
other layered Cu0 materials. ' ' ' However, the 2D
QHAF model exhibits long-range order only at T=O,
and thus the systematic deviations observed as T~ is ap-
proached are expected as the crossover to 3D behavior
occurs. The present measurements, though, do not have
sufficient resolution and/or intensity to obtain more de-
tailed information about the expected crossover to 2D xy
behavior as the correlation length exceeds -70 lattice
constants, ' or to directly observe the crossover to 3D
behavior.

wave branches. All of the spin-wave velocity measure-
ments were performed with a configuration where kf was
fixed. Various collimations were used along with either a
PG or a Cu monochromator as necessitated by resolution
and instrumental considerations.

Figure 9 shows representative constant-E scans across
the 2D scattering rods for a series of energies. Data in
Fig. 9(a) were taken at a temperature of 265 K, while
those in Figs. 9(b) and 9(c) were taken at T =10 K. As
far as the temperature dependence is concerned, we
found that for energy transfers above —10 meV the
behavior of the spin-wave intensities as a function of tem-
perature is well described by linear spin-wave theory, and
aside from the thermal factor no significant differences
could be observed from room temperature (above Tz } to
10 K. In Fig. 9(a), a single resolution-limited peak can be
observed at E =10 meV from the scan across (1.5 1.5
0.2). A PG(002) monochromator was used to obtain
these data, and the instrumental resolution was not
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FIG. 9. Typical constant-energy scans for 10, 50, and 40
meV. Solid curves are results from Gaussian 6ts and dashed
curves are the 6tted background. The two clearly resolved
peaks shown in (b) and (c) correspond to the +q and —q mag-
non branches, which are not resolved in (a) because of the closer
spacing of the spin waves and coarser instrumental resolution
employed.
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FIG. 10. Variation of the spin-wave intensity with energy at
( 2 2 1.5). The solid curve is a guide to the eye. The data reveal
an energy gap of -5 meV.

sufhcient to separate the +q from the —
q magnon

branches. To improve the instrumental resolution, a
Cu(220) monochromator was employed for the higher-
energy transfer data, where in addition the magnons at
+q will be further apart. The data obtained in the vicini-
ty of Q=(1.5 1.5 2.2) for an energy transfer of 50 meV
are displayed in Fig. 9(b). The solid curve is a fit to two
resolution-limited spin waves, and the sloping back-
ground (dashed line) is due to the scattering angle de-
creasing with decreasing Q. Figure 9(c) shows data ob-
tained for (0.5 0.5 —5.7) at E =40 meV. This position in

Q was chosen to achieve optimal instrumental focusing
for the triple-axis spectrometer, and the peaks corre-
sponding to the two spin-wave branches are clearly
resolved. Our value for the spin-wave velocity is
c =0.85+0.08 eV A, which corresponds to a nearest-
neighbor exchange constant J of 130+13 meV. This
compares reasonably well with that derived from Raman
scattering in the sister compound Nd2Cu04. '

To investigate the spin-wave scattering at lower ener-
gies and to search for the expected spin-wave gaps, we
used an instrumental configuration where the initial neu-
tron wave vector k; was fixed. Figure 10 shows the ener-

gy dependence of the integrated intensities of the magnon
peaks measured with the constant-E scan across ( —,

'
—,'1.5)

at T = 10 K. The data have been corrected for resolution
effects arising from the variation in kf. The solid curve
in the figure is just a guide to the eye. At this wave vec-
tor, the spin-wave spectrum is expected to exhibit two en-
ergy gaps. One such gap is observed around 5 meV in
the figure. We have made identical measurements across
several other l points along ( —,

'
—,'l), and from the behavior

of the intensity variation with l, it can be established that
this energy gap corresponds to the reduced xy-anisotropy
constant a~~=(J —J /J) of the nearest-neighbor Heisen-
berg exchange interaction given by E =4J(a~~/2)'
The measured size of the gap of -5 meV was also ob-
served from neutron-scattering measurements in the sis-
ter compound Nd2Cu04, but is much higher than that re-

ported from magnetic resonance measurements, which
is -0.5 meV. In the related LazCu04 system this gap is
found to be -2.5 meV. ' Our measured gap yields a re-
duced anisotropy constant al~=2X10

There is still a well-defined peak from the spin-wave
scattering at 2 meV, suggesting that the other spin-wave
gap is at an energy substantially less than 2 meV. Mea-
surements at lower energies could not be performed be-
cause of the significant contribution from incoherent elas-
tic scattering. This other gap is related to the interplanar
biquadratic exchange constant, which is at least 6 orders
of magnitude smaller than the in-plane exchange constant
J. A more accurate determination for the biquadratic ex-
change constant would be desirable in order to ascertain
whether it could explain the observed T~ and spin struc-
ture in the tetragonal R2Cu04 class of materials. This,
however, would require much better instrumental resolu-
tion than presently available. It has been suggested that a
measurement of the biquadratic exchange constant is pos-
sible via light scattering experiments, but we are not
aware of any experimental work carried out to date.

V. DYNAMICS OF THE Pr SPINS

A. Magnetic excitons

The crystal-field ground state of the Pr ions has been
determined to be a singlet via inelastic neutron scattering,
with the doubly degenerate first excited state lying at an
energy —18 meV above the ground state. The
singlet ground state, which is a nonmagnetic state, is also
supported by magnetic susceptibility' and specific-heat"
measurements. Spontaneous magnetic ordering of the Pr
ions in this case can occur only if the exchange interac-
tions are strong enough to overcome the quenching of the
magnetic moment by the crystal field, and for Pr2Cu04
we are in the opposite limit of having weak exchange
compared to the crystal-field splitting. It is known that
for such systems the elementary collective excitations are
conveniently described as linear combinations of the
single-ion crystal-field transitions propagating
throughout the lattice. These collective modes, known
as magnetic excitons, exhibit dispersion due to the ex-
change coupling between the magnetic ions. Magnetic
excitons of a singlet-ground-state system have been stud-
ied extensively for Pr metal, ' ferromagnetic
fcc-stabilized Pr (Refs. 55 and 56) and Pr3T1. ' Well-
defined magnetic excitons with pronounced dispersion
have been observed in the ordered as well as in the
paramagnetic regimes in these materials.

As can be seen from the crystal structure shown in Fig.
11, the basic Pr unit cell has a body-centered tetragonal
symmetry with a two-ion basis. The corresponding Bril-
louin zone for a body-centered tetragonal lattice with
c & a is also shown in the figure. The unit cell of the Pr
ions can also be looked upon as two interpenetrating
identical sublattices, where the surrounding of the two
ions belonging to each sublattice are equivalent except for
an inversion. The basic model Hamiltonian for the Pr
ions is assumed to have the following form:
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FIG. 11. Crystal structure of Pr~Cu04, with the various Pr-
Pr exchange constants indicated, and the Brillouin zone for the
body-centered tetragonal lattice where c )a.

H= g V;—g J(r,. —rj)J J

—g J'(r, —r )J, J„,
i&k

(2)

where the first term corresponds to the single-ion
crystal-field potential and the rest are terms arising from
the exchange interactions as indicated in Fig. 11. The
quantities J(r; —r ) and J'(r; —rk) are, respectively, the
intrasublattice and the intersublattice exchange constants
between ions with angular momentum J. A bilinear
Heisenberg exchange interaction has been assumed for
simplicity, and is found to provide a good description of
the measurements. If we denote the ground state wave
function by l

6 ) and the first excited state by l E ), then
at low temperatures the only excitons that propagate are
those involving the

l
G ) —lE ) transition since nearly all

the Pr ions are in the crystal-field ground state.
Within the random-phase approximation (RPA), the

dispersion relation for the lG) —lE) exciton modes in
the paramagnetic state at T =0 is

C
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0 I ~ ~

quality data. In contrast to the Cu spin waves, these
modes are relatively Hat and all measurements were
therefore made via the constant-Q technique. For the
case when l =0, the dynamical structure factor in the
neutron cross section predicts that only the acoustic
mode will be observable, and Fig. 12 shows representative
scans for magnetic excitons propagating in the [110]
direction. Indeed only single well-defined peaks are ob-
served for this case. The solid curves in the figure are fits
to a Gaussian function, and reveal that any intrinsic
widths are too small to measure at low temperature. The
intensities of these peaks vary with Q in agreement with
the expected dynamical structure factor
lf (Q)l M b /E(q), where f (Q) is the Pr + form factor,
signifying that the measured peaks are indeed scattering
from the acoustic excitons. The peak at (110) [Fig. 12(a)]
represents the exciton mode at the center of the Brillouin
zone, I, while the one at (1.5 1.5 0) [Fig. 12(b)] represents
the Inode at the zone boundary. Comparison between the
two peaks clearly reveals a shift in the peak position from
19.1 meV at the zone center down to 17.9 meV at the
zone boundary, directly demonstrating a dispersion of 1.2
meV.

The measured dispersion relations for the acoustic
magnetic excitons are shown in Fig. 13 for propagation
along [110] and [100]. The data cover more than one
Brillouin zone, where the boundaries are indicated by the
vertical dashed lines. It can be seen that the periodicity

E (q) =[a'—2M'~ I J (q) +
I
J'(q)

I ] ]'", (3) 200- {1.5 1.5 0)

where J (q) is the Fourier transform of the exchange con-
stant. The parameter b, is the crystal-field splitting be-
tween the ground state and the first excited state in the
absence of any exchange interactions and M denotes the
matrix element for the component of the angular momen-
tum (GlJ„lE), where r =x,y. The dispersion relations
in Eq. (3) consist of two branches, the "acoustic" and
"optical" modes, as expected from the two-ion basis in
the Pr unit cell.

150

100-

50—
x

O p ~I
21 23

I ~ ~ ~ I ~

17 19

Energy (meV)

B. Low-temperature measurements

The
l
G ) —lE ) magnetic exciton modes that dominate

the dynamics of the Pr ions at —18 meV have a strong
cross section, thereby assisting us in obtaining high-

FICr. 12. Constant-Q scans of the acoustic magnetic exciton
peaks propagating in the [110]direction. Solid curves are fits to
a Gaussian (resolution) function. The peak at (1 1 0) corre-
sponds to the zone center mode (top) while the peak at (1.5 1.5
0) corresponds to the zone boundary mode (bottom).
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of the excitons is in agreement with that expected for the
reciprocal lattice of the Pr chemical unit cell. The labels
6 and X denote directions of high lattice symmetry from
the zoner center, I, whereas the label I represents the
direction along the face of the Brillouin zone as indicated
in Fig. 11. Anticipating that the dominant exchange in-
teractions involved are relatively short range in nature,
we have analyzed the data by including up to third-
neighbor exchange constants. The solid curves drawn
through the data in Fig. 13 are calculated with the fol-
lowing parameters: 6=18.0 meV, 2M J&=0.7 meV,
8M Jz=0.8 meV, and 8M J3= —0.8 meV, where J, are
the exchange constants between ith neighbors. As indi-
cated in Fig. 11, J2 corresponds to the coupling between
those Pr layers that are separated by oxygen layers, and
J3 is a measure of the coupling between nearest-neighbor
ions within the a-b plane. We remark that these con-
stants can be directly determined with the use of Eq. (3)
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FIG. 13. Measured low-temperature dispersion relation of
the Pr'+ acoustic exciton mode in Pr~Cu04, propagating in the
[110] (top) and in the [100] (bottotn) directions. The solid
curves are 6ts for the exciton dispersion relations as explained
in the text.

by subtracting the measured E(q) for the [100] direction
from the [110]direction at selected scattering vectors, so
there is not much relative ambiguity in their values; the
statistical uncertainties are —+0.05 meV. The remain-
ing parameter J&, which represents the coupling between
those Pr layers that are separated by the Cu-0 layers, can
then be obtained from a two-parameter fit. It is evident
that Eq. (3) provides excellent representations of the data
in Fig. 13.

The above analysis for the acoustic magnetic excitons
yields nonzero values of J, and J2, both of which are
interplanar exchange constants. Consequently, the exci-
tons propagating along the c axis should exhibit disper-
sion, and we now turn our attention to measurements for
excitations for which l&0. Figure 14 shows representa-
tive constant-Q scans taken at a series of Q along [001]
and along [hh6). Two peaks can be observed as a result
of scans at (0 0 6) and (1 1 6), both of which are zone
center points, as displayed in Figs. 14(a) and 14(c), respec-
tively. The peak with the higher intensity is centered at
—19.2 meV while the other is positioned at —16.9 meV.
The latter should be the "optical" mode of the magnetic
excitons since this mode will contribute to the cross sec-
tion for scattering vectors where lAO. For values of q
away from the zone center, the energy separation be-
tween the two peaks narrows as illustrated in Figs. 14(b)
and 14(d) for scans at (0 0 6.5) and at (0.9 0.9 6). The
available instrumental resolution could not cleanly
resolve the two peaks for some directions of Q. Notice
that the intensity of the optical exciton peak increases
whereas that of the acoustic exciton peak decreases as q
varies away from the zone center position. This behavior
for the intensity of the two peaks as a function of wave
vector q is expected from the theoretical structure factor
for each mode. The combined integrated intensity of
both peaks also varies with Q in agreement with the cal-
culated dynamical structure factor.

Figure 15 shows the measured energies of the observed
exciton peaks for a series of scattering vectors Q varying
along the [00l], [h06], and [hh6] directions. The points
where only a single value of energy is plotted at a given Q
is due to the inability of the instrumental resolution to
resolve the two expected peaks. The solid curves are cal-
culated dispersion relations for the two branches as given
by Eq. (3), using the previously determined parameters,
while the dashed curve in Fig. 15(c) is a guide to the eye
for the measured lower-energy dispersion relation. The
overall agreement between theory and experiment in
Figs. 15(a) and 15(b) is quite satisfactory. We remark
that we have observed a small additional peak at —16
meV at some scattering vectors Q in the directions of
[00l] and [h06]. We believe this peak is a phonon
branch based on its temperature dependence and also on
measurements of the phonon dispersion relations in
Pr2Cu04 and Nd2CuO4, which indicate a phonon mode
at the observed energy. Interference from these small
peaks may be the origin of these small discrepancies. The
disagreement between the lower-energy excitation in Fig.
15(c) with the expected optical branch, on the other
hand, probably rejects an interaction with another type
of excitation, such as phonons; the large value of the or-
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FIG. 14. Examples of constant-Q scans tak-
en for Q along [00lj in (a) and (b) and along
[hh6] in (c) and (d). The separation in energy
of the two peaks corresponding to the acoustic
and optical exciton modes is furthest apart at
the zone centers, (0 0 6) and (1 1 6).

bital momentum of the Pr ions (I. =5) typically leads to
strong exciton-phonon coupling. Exciton-phonon in-
teractions have been observed in Pr metal under an exter-
nal magnetic field, ' ' and indeed there are indications
of an interaction observed in Raman scattering measure-
ments.

We note that the Cu spins in this crystal have already
ordered at T&=251 K and the ordering induces a small
moment at the Pr sites. Such an induced moment is only
possible via an admixture of higher J multiplets and/or if
the Cu exchange field on the Pr ions mixes one of the Pr
excited states into the ground state. The singlet state
would then shift in energy and the degeneracy of the dou-
blet states would be lifted. ' The widths of the magnet-
ic peaks for the acoustic excitons are essentially instru-
mental in origin signifying that if such a splitting exists it
is too small to observe in the present experiments; the
value of the Pr ordered moment is only -0.08pz, which
corresponds to an admixture of only a few percent. We
thus believe that the dispersion relations in the paramag-
netic state given by Eq. (3) adequately describe our data
to a good approximation.

The significant dispersion of the crystal-field excita-
tions as demonstrated here provides direct evidence of
substantial exchange interactions between the Pr ions.
Such an interaction has been previously deduced from
neutron-diffraction, ' ' susceptibility, ' and specific-
heat" measurements of the rare-earth ordering in the
tetragonal R2Cu04 materials, as well as in the Ce-doped
superconducting compounds Nd1 85Ce0 15Cu04 and
Sm18&Ce0 &5Cu04, where the Cu spins are not ordered.
Dipolar interactions are orders of magnitude too small to
explain the observed T& for the rare-earth ordering. The
fact that the undoped materials are insulators suggests
that the interactions are likely of the superexchange type.
The observed dispersion of the excitons along the e axis
here in Pr2Cu04 signifies that these interactions are medi-

ated through the CuO layers. Since in the doped system
it is the same CuO planes are also involved in the forma-
tion of superconductivity, this may provide insight into
the nature of the superconducting state for the tetragonal
R2Cu04 systems, where the Cooper-pairing occurs in the
presence of these magnetic interactions. It will be in-
teresting to investigate the magnetic excitons in doped
crystals when samples of sufficient size become available.

C. Temperature-dependent measurements

For finite temperatures, the exciton dispersion relation
in Eq. (3) can be modified to include a temperature-
dependent renormalization factor R ( T) in the exchange
term. ' ' ' ' In a simple RPA theory, R(T) is merely
the difference in Boltzmann population factors between
the ground state nG and the excited states nE, which is
reasonably approximated (neglecting the dispersion and
higher-energy crystal-field levels) by

1 —exp( —b /kz T)

1+2exp( —6 k&T)

where 5 is the splitting between the ground state and the
doubly degenerate excited state in the absence of ex-
change interactions. A more accurate derivation is given
by self-consistent RPA theory, ' in which effects of
dispersion are explicitly included, but in the present case
the relative exchange to crystal-field energy is sufficiently
small that a more elaborate analysis is not warranted. As
a result of this renormalization factor, the dispersion of
the exciton modes would become essentially Bat as k~ T
becomes comparable to b, ( =210 K). If the ratio
~2M I J(q)+~J'(q)~ J/b,

~
is less than unity for all wave

vectors q, the system will remain in a Van Vleck
paramagnetic state down to T=O. For Pr2Cu04, the
maximum ratio is 0.16 so that the Pr system by itself will
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not display spontaneous order at low temperatures.
In order to investigate the temperature-dependent

efFects on the dispersion relation of the magnetic exci-
tons, two acoustic modes propagating along [100] were
selected for detailed investigation: the zone center mode
at (2 0 0) and the mode at (1.4 0 0), which is near the zone
boundary. These modes have, respectively, the maximum
and the minimum energy for the measured acoustic
branch. Figure 16 shows representative constant-Q scans
of the mode at (2 0 0) measured at three temperatures.
The solid curves are fits to a Gaussian function and the
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FIG. 15. Magnetic exciton dispersion relations of the acous-
tic mode (open symbols) and the optical mode (so1id symbols) in
Pr2CuO4, as measured with Q along (a) [001], (b) [h06], and (c)
[hh6]. Points where only a single energy is plotted for a given
scattering vector are due to the inability of the available instru-
mental resolution to separate the two peaks. Solid curves are
the calculated dispersion relations as explained in the text, while
the dashed curve is a guide to the eye for the measured lower-
energy dispersion relation.

dashed curves are the backgrounds included in the fits.
The intensities of the peaks decrease, they shift, and the
widths increase with increasing temperature. However,
close inspection of the data in Fig. 16(b), made at T =100
K, reveals an additional small peak at —17 meV. This
additional scattering is phonon in origin, and indicates
some of the difficulties in correctly identifying and isolat-
ing the magnetic scattering. We note that phonon
scattering increases with increasing temperature via the
Bose thermal population factor, while crystal-field
scattering out of the ground state decreases in intensity as
the ground-state occupation is depleted. The linewidths
of these excitations also increase with increasing T, and
thus we were able to observe this shoulder only over a
limited range of temperature (from —100 to 200 K). No
evidence of phonon contamination was observed for the
exciton mode at (1.4 0 0).

Figure 17 shows the temperature evolution of the full
width at half maximum and integrated intensity for both
exciton modes. For Q=(2 0 0) these data are from
single-Gaussian fits due to the difficulties as just dis-
cussed. It is evident that the widths for both peaks in-
crease with increasing temperature and are comparable in
size in the temperature range 15 ~ T ~ 150 K. For higher
temperatures, however, the width of the (2 0 0) peak in-
creases more rapidly than that of the (1.4 0 0) peak, and
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FKi. 16. Constant-Q scans for the acoustic mode at (2 0 0)
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FIG. 17. (a) Temperature dependence of the full width at half
maximum obtained from fitting the data such as in Fig. 16 by a
single Gaussian peak. (b) Normalized temperature dependence
of the integrated intensity of the fitted peaks. The dashed curve
is the calculation from Eq. (4).

FIG. 18. Temperature dependence of the energy of the
acoustic exciton modes at (1.4 0 0) and (2 0 0). Data for the
mode measured at (2 0 0) in the temperature range
100~ T~200 K are obtained from a two-peak fitting. Solid
curves are the calculated exciton energies using Eqs. (2) and (4)
in the text.

VI. DISCUSSION

we believe that this is caused by the phonon contribution
to the scattering. Comparison between the temperature
dependence of the integrated intensities of the peaks for
the two modes is shown in Fig. 17(b},normalized to unity
at T=0. The behavior of the normalized integrated in-
tensity for the peak measured at (1.4 0 0) is well described
by the function R ( T) given by Eq. (4), whereas the (2 0 0}
exhibits some additional intensity at higher T, which we
again attribute to the phonon. We conclude that the
magnetic part of the scattering is well described by the
theory.

The behavior of the energies of magnetic excitons as a
function of temperature is plotted in Fig. 18 for the
modes at (2 0 0) and (1.4 0 0). Results for the exciton
mode at (2 0 0) in the temperature range 100 T 200 K
were obtained from two-peak fits to the data. The solid
curves are the calculations based on the parameters ob-
tained from the low temperature data and Eq. (4). Below
-200 K the data are in good agreement with the simple
RPA theory. At higher temperatures both energies are
approximately equal, indicating that the mode now has
little dispersion, as theoretically expected. Both observed
energies fall below the theory; however, the value of b it-
self should decrease with increasing temperature due to
ordinary thermal expansion, and this is the likely ex-
planation for the observed behavior at elevated tempera-
tures. Hence we conclude that the simple renormalized
RPA theory provides a good overall description of these
excitations over the entire temperature range explored.

The results reported here present a better understand-
ing of the microscopic magnetic properties of Pr2Cu04,
which in turn should contribute to a general understand-
ing of magnetism in the class of tetragonal R2Cu04 ma-
terials (R =rare earth). In fact, some of the magnetic
behavior of PrzCu04 observed in our measurements is
likely to be exhibited by other members of the tetragonal
R2Cu04 materials. One of the most important aspects is
the significant dispersion exhibited by the Pr magnetic
excitons, particularly along the c axis, which directly in-
dicates that the Pr subsystem is not electronically isolated
from the CuO planes. Indeed substantial rare-earth ex-
change interactions appear to be a general property of
these electron-doped systems, as supported, for example,
by the relatively high (6 K) rare-earth ordering tempera-
tures observed in both SmzCuOz (Refs. 9 and 12) and
Sm& 85Ceo &5Cu04, while the dipolar interactions are
several orders of magnitude too small to account for Tz.
It will be interesting to pursue similar inelastic measure-
ments on doped samples to see how superconductivity
affects the magnetic excitons in particular, and the rare-
earth magnetism in general.

The basic features of the Cu spin dynamics are the
same as those in the other lamellar cuprate systems, with
the energetics dominated by the strong in-plane exchange
interaction. The xy anisotropy in these interactions, as
determined from energy gap rneasurernents in the spin-
wave spectrum, is also the same order of magnitude as
observed for the other lamellar CuO materials. The ori-
gin of the interaction which stabilizes the noncollinear
spin structure still needs to be identified, and one possibil-
ity is an interlayer biquadratic exchange interaction.
Whatever the origin, in our view the noncollinear struc-
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ture is likely a universal property of the T' systems. This
interaction should manifest itself as a gap in the spin-
wave spectrum, and experimental techniques such as Ra-
man scattering, magnetic resonance, or high-resolution
neutron scattering should, in principle, be able to settle
this question.

There are also some difFerences in the magnetic proper-
ties among the various members of the tetragonal
R2Cu04 systems that warrant further investigation. One
puzzle concerns the magnetic phase diagram, where mea-
surements to lower temperatures in Pr2Cu04 would be
desirable to ascertain whether the AF-R i phase boundary
eventually turns over at low temperatures as found in

Eu2Cu04 and Nd2CuO4. ' In addition, the dependence
of the rotation angle 0 at low T for the Cu spin direction
as a function of applied field along [110]also differs from
Nd2Cu04, and Sm2Cu04. It will also be very interesting
to make diffraction measurements for fields along [100],
which is the zero-field spin direction.
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