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Three-dimensional magnetic structures and rare-earth magnetic ordering in Nd2Cu04 and Pr2Cu04
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The three-dimensional (3D) magnetism present in Nd&Cu04 and Pr2Cu04 has been examined in

neutron-scattering experiments. Antiferromagnetic long-range order of the Cu'+ moments devel-

ops below T& =255 K in both compounds. In Nd2Cu04 a series of magnetic phase transitions in

which the Cu'+ spins reorient has also been observed below T&, while in Pr2Cu04 the 3D Cu + spin
structure is stable. No changes in the crystalline structure of Nd&Cu04 associated with the spin-
reorientation transitions were found. Induced ordering of the rare-earth magnetic moments has
been observed in both compounds. The Nd + (Pr +) magnetic moments align parallel (antiparallel)
to Cu + moments which are nearest neighbors along the c axis, and the ordered moments of the
rare-earth ions were determined to be -1.3p& for Nd'+ at 0.4 K and -0.08p& for Pr'+ at 8 K.
The temperature-dependent Pr'+ moment is shown to be proportional to the Cu'+ moment times
the bulk susceptibility. In this paper we also discuss the role of the XY anisotropy in the 3D order-
ing.

I. INTRODUCTION

Soon after the discovery' of electron carrier supercon-
ductors such as Nd2, Ce, Cu04 and Pr2 Ce„Cu04, the
magnetic properties of the parent compounds were inves-
tigated. " A number of properties similar to those' of
La2Cu04 were discovered. These common properties in-

clude (i) three-dimensional (3D) antiferromagnetic long-
range order (LRO) originating from Cu + S=—,

' spins
with Neel temperatures in the range 250—325 K, (ii}
Cu + intraplanar exchanges which are very large, ) 100
meV, and interplanar exchanges which are very small,
&10 MeV, and (iii) highly inelastic 2D spin correla-
tions at temperatures well above the 3D magnetic transi-
tion.

However, there are several essential differences in the
magnetism of the parent compounds of the hole and elec-
tron carrier systems. One of the most obvious differences
is that the weak ferromagnetism found' in La2Cu04 does
not exist in the electron carrier systems because the latter
are tetragonal. Another difference occurs because the
L + ions (L =Nd, Pr, Gd, etc.) in the electron-doped sys-
tems have localized moments which can order, ' whereas
the La + ions in La2Cu04 are nonmagnetic. Finally, the
3D ordered spins in Nd2Cu04 undergo a complicated
series of reorientation transitions.

In this paper we present the results of neutron-
scattering studies of the 3D magnetism in Nd2Cu04 and

Pr2Cu04. Several neutron-scattering experiments on
these materials have already been published. In this
work we extend previous results by examining the behav-
ior of Pr2CuO~ and, because there has been some contro-
versy about the nature of the magnetic structures found
in Nd2Cu04, we also present a thorough quantitative dis-
cussion of this topic. In addition, we discuss the results
of high-resolution x-ray-scattering experiments where a
search for structural anomalies in Nd2Cu04 associated
with magnetic transitions was performed.

The organization of this paper is as follows: In Sec. II
a brief discussion of the crystal characteristics and exper-
imental configurations is presented. Experimental results
on Nd2Cu04 and Pr2Cu04 are given in Secs. III and IV
respectively. Last, in Sec. V we discuss the implications
of our results including especially an extensive discussion
of the 3D ordering in various lamellar Cu02 insulating
antiferromagnets.

II. EXPERIMENTAL DETAILS

Single crystals of NdzCu04 and Pr2CuO4 were grown
from a nonstoichiometric CuO-rich solution using tech-
niques similar to those discussed in Hidaka et al. ' Typi-
cal crystal dimensions were —15X15X1.5 mm, and lat-
tice parameters at 300 K were (a =3.941 A, c = 12.16 A}
for Nd2Cu04 and (a =3.962 A, c =12.21 A) for Pr2Cu04
(tetragonal notation). Experiments were performed on
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both as-grown and heat-treated samples. Two di8'erent
heat treatments were performed on two di8'erent

Nd2Cu04 crystals; in one, the sample was heated in Ar at
950'C for 15 h and in the other, the sample was heated in
oxygen at 600' C for 200 h. The only heat treatment
done in the case of Pr2Cu04 was an anneal in Ar at
950'C for 10 h. The procedures used in these heat treat-
ments were identical to those previously performed on
La2Cu04 described in Ref. 15.

Neutron-scattering experiments were carried out on
the Tohoku University Neutron Spectrometer (TUNS)
and the ND-I spectrometer of the Institute for Solid State
Physics of Tokyo University, both of which are installed
at the JRR-2 reactor of the Japan Atomic Energy
Research Institute in Tokai. A single pyrolytic graphite
(PG) monochromator was used in the TUNS experi-
ments, and a double PG monochromator was used in the
ND-I experiments. Contamination from higher-order
reflec- tions was suppressed by using a PG 61ter. The in-
cident neutron energy for all experiments described here
was 13.7 MeV (k=2. 57 A '). A closed-cycle He refri-
gerator was used for the experiments above 8 K and a
He cryostat for those below 8 K. The crystals were

mounted with the [010] axis vertical to the scattering
plane so that magnetic peaks with Miller indices (h,0,1)
could be measured.

X-ray-scattering measurements were carried out at
Brookhaven National Laboratory. A conventional anode
source and synchrotron beam line X-22 were used in
these experiments.

In a previous paper by a subset of the authors the
magnetic reflections were indexed using the I4/mmm
space group. In the present paper we have indexed the
magnetic reflections using the magnetic space group
FAmm'm', which has a unit cell obtained by a 1/2 X v'2
expansion and 45' rotation of the basal plane of the
I4/mmm chemical unit cell. Consequently, magnetic
reflections such as (h /2, h /2, 1) discussed in Ref. 4 corre-
spond to (h, 0, 1) in this paper.

III. Nd&Cu04 EXPERIMENTS

We begin with a review of the successive magnetic
phase transitions found in Nd2Cu04. This behavior is il-
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lustrated in Fig. 1. Magnetic Bragg rejections indicative
of a La2Ni04-type structure develop below T~=255 K
(phase I). As the temperature is decreased further, dras-
tic changes in the peak intensities occur at T, =75 K,
T2=30 K and possibly at -20 K. The data presented
here clearly demonstrate that at least three magnetically
ordered phases occur in NdzCu04, phase I ( T, & T & T~,,
phase II ( T2 & T & T, ), and phase III ( T & T2 ). In phase
I and phase II only the Cu + spin orientations are shown
explicitly in Fig. 2. The data shown in the inset of Fig. 1

suggest that a fourth phase may even exist at tempera-
tures below 0.8 K.

In order to determine the spin structure in these
phases, the integrated intensities of a number of magnetic
peaks were obtained from 8—28 scans. Room-tem-
perature intensities were subtracted in this procedure to
remove higher-order contamination, and an overall inten-
sity scale factor was de6ned by adjusting the calculated
(1,0, 1) intensity to the observed intensity in phase I. For
the Nd + and Pr + ions, we used a form factor calculated
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FIG. 1. Temperature evolution of the (1,0,0) and (1,0,1) 3D
antiferromagnetic peak intensities in as-grown Nd2Cu04.

FIG. 2. Proposed 3D magnetic structures: (a) Nd2Cu04
(phase I, La2Ni04-type), (b) Nd2Cu04 (phase II, La2Cu04-type),
(c) Nd2Cu04 (phase III), and (d) Pr2Cu04. Note that, in
NdzCu04 phases I and II, the Nd'+ moments have not been ex-
plicitly determined.
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TABLE I. Observed and calculated intensities of magnetic Bragg reflections at T= 100 K (phase I),
T=50 K (phase II), and T=23 and 8 K (phase III) on Nd2Cu04.

(h, k, l) Iobs

T=100 K
(phase I)

Icaic

T=50 K
(phase II)

Iobs I„)

T=23 K
(phase III)

I,b, I„),

T=8 K
(phase III)

Iobs Icaic

(1,0,0)
(1,0,1)

(1,0,2)
(1,0,3)
(1,0,4)
(1,0,5)

(1,0,6)
(3,0,0)
(3,0,1)

(3,0,2)

Mc (ps)

4.8
205.6

82.6
104.4
46.3
82.6
95.7
2.7

41.1
2.0

0.4
0

0.0
205.6
70.9

114.1
76.4
87.8
72.0
0.0

40.1

3.4

196.2
67.9

181.7
52.6

102.0
86.0
80.7
28.4
12.1
48.9

0.4
0

155.1
52.6

147.0
78.6
96.8
75.1

80.6
36.2
35.9
36.2

—5.7
137.3
76.6

205.1

24.7
99.6

162.9
—15.7

28.4
—2.0

0.4
0.08

0.0
118.0
54.9

227.6
32.5
90.5

121.7
0.0

18.5
2.4

2.4
7.6

44.6
650.7

2.4
103.0
440.8

12.6
10.8

—11.2
0.4
0.28

0.0
3.2

22.5
705.0

8.9
108.4
330.6

0.0
1.0
0.6

from a dipole approximation. ' For the Cu + magnetic
form factor, La2Cu04 experimental' values and interpo-
lations to the experimental values were utilized. We
mention that reasonable agreement between the calculat-
ed and observed intensities of the (1,0,5}and (1,0,6}peaks
could only be achieved by including a small oscillatory
component in the Q dependence of the Cu + magnetic
form factor. This behavior is evident in the experimental
form factor and it has some theoretical justi6cation. '

A detailed comparison between observed and calculat-
ed intensities, the results of which are presented in Table
I, leads to the conclusion that phase transitions in which
the Cu spins reorient occur at both T& and T2. Howev-
er, the change in peak intensities that is evident below 20
K could be best explained by a model in which the Nd +

ordered moment increases signi6cantly. In Fig. 2 we
show our proposed spin structure for each phase. As we
shall discuss later in this paper in the context of Pr2Cu04,
once long-range order is achieved on the Cu + sites, there
will be a small moment induced on the Nd + sites; how-
ever, we did not attempt to determine these moments in
phases I and II. We mention that a spin structure for
phase III identical to ours has recently been proposed by
Rosseinsky et al. In Fig. 2 we have assumed that the
spins are collinear, although as discussed elsewhere' our
measurements cannot distinguish between noncollinear
and collinear structures. An illustration of the La2Ni04-
type noncollinear structure is shown in Fig. 3. The non-
collinear structure is derived from the collinear structure
by superimposing the two diferent collinear domains on
every other layer. A similar noncollinear structure can
be constructed from the two domains of the collinear
LazCu04 structure.

From the structure analysis presented in Table I, we
found the moment per Cu + spin in Nd2Cu04 to be
0.4+0. 1p~ at 8 K. We mention that this value for the
3D Cu + ordered moment is apparently somewhat small-
er than that of La2Cu04, -0.5ps (Ref. 12) although the
disagreement is within the errors.

We now describe phases I-III in more detail. The
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FIG. 3. (a) The two magnetic domains of the collinear
La2Ni04 structure and (b) the corresponding noncollinear struc-
ture with equal admixtures of the two domains.

structure in phase I can be described well with the Cu +

moments ordered in a La2Ni04-type structure with v//
[100] and S//[100], where r and S denote the antiferro-
magnetic propagation vector and spin vector, respective-
ly. In the transition that occurs at T, , (75 K), the spins
rotate from S//[100] to Si[100], so that the new phase
has a spin structure identical to that of LazCu04. ' In
La2Co04, a spin reorientation similar to the 75 K transi-
tion in Nd2Cu04 is triggered by a structural phase transi-
tion. ' In Nd2Cu04, however, no evidence for a distor-
tion from the I4/mmm structure has been observed at
the magnetic phase transition or any other temperature.
In Fig. 4 we show the temperature dependence of the lat-
tice constants in Nd2Cu04 measured in x-ray-scat-
tering experiments. An upper limit of the change in
(I) a)/(&+a—) over the temperature range 280—10 K
was found to be 4X10 . Further, no superlattice peaks
such as (1,0,0), (1,0, 1), or (1,0,2) were detected over this
same temperature range, even when using the intense
synchrotron source. This issue is also discussed by Taka-
da et al. , who conclude that previous reports of a
structural peak at the (1,0,3) position were, in fact,
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caused by higher-order contamination of the incident
beam. It is, of course, possible that different samples
could behave differently. The deviation from the linear
temperature dependence of the lattice constants at -75
K could possibly be associated with the magnetic transi-
tion at this same temperature.

We actually obtain the best agreement between ob-
served intensities and calculations in phase II with two
distinct models. In the first we assume a mixture of—10% LazNi04-type structure and -90% LazCu04-
type structure. This phenomenon may be related to the
hysteresis shown in Fig. l. Our experiments show that
the thermal hysteresis evident in phases I and III only
occurs when coming from phase II. This suggests that
the observed hysteresis is related to the coexistence of the
two spin structures in phase II. The La2Ni04-type struc-
ture in the predominantly La2Cu04-type phase II could
then be understood as being the result of "misreorienta-
tions" between the spins of adjacent Cu02 planes; that is,
the spins in one plane rotate clockwise and in the next
plane counterclockwise by 90'. These misorientations
would appear to persist into phases I and III. Within this
context, we expected to see diffuse scattering from these
stacking faults; no diffuse scattering has been observed

within the instrumental resolution. A second explanation
for the measured intensities is that a single phase exists
but in this phase the Cu + spins in alternating layers ro-
tate by an angle which is less than 90'. Our experiment
cannot distinguish between the first and second possibili-
ties.

At T2 (30 K}, the Cu + spins return back to the [100]
direction. The Cu + structure is identical to that of
phase I; in addition, the participation of Nd + moments
in the magnetic order can now be clearly seen. The most
direct evidence for Nd + ordering is shown in Fig. 5,
where an increase in the intensity of the (1,0,3) re6ection
at -3 K can be seen. This temperature is reasonably
close to the Nd + ordering temperature deduced by
Markert et al. ' from specific-heat measurements. To
demonstrate explicitly that these anomalous temperature
dependencies arise from the progressive ordering of the
Nd + spins, consider the intensity data for T=23 and 8
K sho~n in Table I. In spite of the huge difference in in-
tensities of some reflections at the two temperatures, we
obtained good agreement between calculated and ob-
served intensity values by adjusting on/y the magnitude
of the Nd + moment. In a similar analysis we deter-
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FIG. 4. Temperature dependence of the lattice constants in
Nd2Cu04.

FIG. 5. Temperature dependence of the (1,0,1) and (1,0,3)
peak intensities in Nd2Cu04 at low temperatures.
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mined the Nd + magnetic moment to be 1.3p~ at 0.4 K.
This value is considerably reduced from the free-ion
Nd + value of 3.27pz, presumably this differences arises
primarily from crystal-field effects.

The ordering of the Nd + moments also affects the
(1,0,1) peak intensity; in this case, however, the intensity
actually decreases between -20 and 8 K. The difference
in the behavior of the (1,0,3) and (1,0,1) peak intensities
arises from differences in the structure factors. A simple
calculation shows that the intensities of these two peaks
are proportional to

I (1,0, 1)—(Mc„fc„—l.2MNq fNd )

(1,0, 3)-(Mc fc +1.9MxdfNa)

where M and f represent the ordered staggered moment
and form factor of the Cu + and Nd + ions. The de-
crease in the (1,0,1) intensity is thus seen to be an in-
terference effect, so that both measurements indicate that
the Nd + ions order.

The Nd + order''ng transition below 3 K is actually
rather broad. Moreover, the (1,0,3) intensity data in Fig.
5 show that ordering of the Nd + spins begins at much
higher temperatures. Indeed, as noted above, Table I in-
dicates that the Nd + moment is already 0.08pz at 23 K.
The character of the scattering therefore suggests that
the Nd + ions exhibit a moment at high temperatures
which is induced by coupling to the Cu + moments as
one expects on symmetry grounds alone. The increase in
the (1,0,3) intensity at -3 K would then reflect an inci-
pient spontaneous transition in the Nd + ions due to
their own spin-spin interactions. We mention that the in-
crease in the (1,0,3) intensity at 30 K shown in the inset
of Fig. 5 most likely arises from a reorientation of the
Nd + spins which occurs simultaneously with the Cu +

spin reorientation. Clearly, the Nd + ions must have an
induced moment for all temperatures below the Cu + or-
dering temperature, 255 K, although for reasons dis-
cussed below this induced moment is appreciable only
below -30 K.

We now consider the increase of the (1,0,0) intensity
below 0.8 K shown in the inset of Fig. 1. Although our

current data are rather limited, the most probable cause
of this intensity increase is the canting of the Nd + spins
along the c axis while keeping the Cu + spins fixed in the
c plane. If this conjecture is correct, then the cant angle
is estimated to be 4' at 0.4 K. Note that the latest high-
field measurements by Date showing a spin-flip transition
at a lower field of around 5 T also indicate canting of the
Nd moments.

Experiments identical to those described above were
performed on the heat-treated NdzCu04 samples. No
significant differences in the transition temperatures or
character of the transitions between phases I, II, and III
were observed. This behavior is quite different from that
of I-a2Cu04, where identical heat treatments drastically
affected the 3D and 2D magnetic order. ' Whether the
behavior found in Nd2Cu04 is intrinsic or a reflection of
the inability of oxygen to diffuse out from single crystals
under the conditions described is currently unknown.

IV. PrzCuO&

In contrast to the complicated behavior of N12CuO~,
the Cu + moments in Pr2Cu04 only ordered in a
La2Ni04-type structure from 255 K (=T~) to 0.4 K.
This same magnetic structure has been previously pro-
posed from neutron-diffraction measurements on pow-
ders and single crystals. In these previous studies no
magnetic contribution from the Pr + ions was taken into
account; however, we have found that inclusion of a
small magnetic moment on the Pr + ions considerably
improves the agreement between the observed and the
calculated intensities. The structure we propose for this
magnetic order is shown in Fig. 2(d). We mention that
the Pr + moments in Pr2Ni04 also order.

To illustrate the necessity of including a Pr + ordered
moment, a comparison between intensity calculations
with and without Pr + ordering and the experimentally
observed intensities is given in Table II. The effects of
the Pr + moments are especially observable at (1,0,3n)
reflections with n =integer because the z parameter of
the Pr + site is nearly —,

' so that the phase factor
cos(2mzl) for the Pr + moments is large at 1=3n. The

TABLE II. Observed and calculated intensities of magnetic Bragg rejections on Pr2Cu04.

(h, k, I)

{1,0,0)
(1,0,1)

(1,0,2)
{1,0,3)
(1,0,4)
(1,0,5)
(1,0,6)
(3,0,0)
(3,0,1)
(3,0,2)

Mc (pa)
Mp, (p~ )

Iobs

0.8
205.6
60.6
23.3

102.7
60.4
25.0

1.9
43.3
11.7

T=S K
icaic

0.0
205.6

58.7
25.9
88.7
55.7
23.8
0.0

44.7
2.9
0.4
0.08

lcaic

0.0
205.6
71.6

114.1
76.2
87.8
71.7
0.0

40.0
3.4
0.48

Iobs

1.2
113.8
37.5
32.4
54.5
45.2
24.5

1.0
23.8

6.8

T=150 K
ica)c

0.0
113.8
36.2
36.3
45.4
39.7
25.5
0.0

23.4
1.8
0.33
0.03

0.0
113.8
39.6
63.1

42.2
48.6
39.7
0.0

22.2
1.9
0.36
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Pr + and Cu + ordered moments at 8 K are found to be
-0.08pz and -0.40pz, respectively, from this analysis.
We note that Nd2Cu04 and Pr2Cu04 both have the same
low-temperature 3D ordered Cu + moment.

The temperature dependence of the Cu + and Pr + 3D
ordered moments can be found from the (1,0,1) and
(1,0,3) peak intensities shown in Fig. 6. For the structure
shown in Fig. 2(d), the (1,0, 1) and (1,0,3) peak intensities
are proportional to

I(1,0, 1)-(Mc„fc„+1.2M@,fp, )

I(1 0~3) (Mc fc 1 9Mp fpr)
(2)

6000

Pr CuO as grown
2 4

Ol
N
Cl

N

C

a
V

~~
Il
C
Cl

C

4500-

3000-

1500-

(1,0, 1}

where M and f are ordered staggered moments and form
factors for the Cu + and Pr + ions. Thus, the decrease in
the (1,0,3) peak intensity below —100 K in Pr2CuO~
arises from an interference effect similar to that which
occurs at the (1,0,1) peak in Nd2Cu04, and the anoma-
lous increase of the (1,0, 1) intensity evident at —150 K
can be attributed to the progressive ordering of the Pr +

moments rather than a change in the Cu + spin struc-
ture. We show the temperature dependence of the 3D or-
dered moments of the Cu + and Pr + ions separately in
Fig. 7. These data were obtained from the intensity data
shown in Fig. 6 and the above equations. In this analysis
we have set the low-temperature ordered moments of the

Prp Cuoq as grown

t ' I

0.4 ~~~ ~
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FIG. 7. Temperature dependence of the Cu'+ and Pr'+ 3D
ordered moments in Pr2Cu04. The solid line is the product of
the measured bulk susceptibility and the copper moment nor-
malized to 0.08p& at T=O.

Cu + and Pr + ions at exactly 0.40pz and 0.08@~, re-
spectively; the error bars in Fig. 7 do not reflect the possi-
ble systematic error which will arise if these values for
the low-temperature ordered moment are not exact. As
we shall discuss quantitatively below, the Pr + ions order
because of coupling to the Cu + ions. The line through
the Pr + moment in Fig. 7 represents the prediction of a
mean-field treatment of coupled Cu —Pr + ions which
we discuss below.

As in the case of Nd2Cu04, experiments carried out on
the heat-treated sample of Pr2Cu04 revealed no signi-
ficant departures from the behavior of as-grown samples
in the 3D magnetism. It is not currently known whether
this behavior is intrinsic or whether it arises from the ina-
bility of oxygen to difFuse out from the single crystal un-
der the conditions described.
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FIG. 6. Temperature dependence of the (1,0,1) and {1,0,3)
peak intensities in Pr2CuO4.

A. The rare-earth magnetic moments

We discuss first the magnetic moments of the Nd +

and Pr + ions in these systems. The existence of a per-
manent magnetic moment on the Nd + ions at low tem-
peratures has been corroborated in magnetization and
specific-heat' measurments; this result can also be easily
understood within the framework of a crystal-field treat-
ment of the 4f electrons. In PrzCu04, however, the ex-
istence of an induced Pr + moment has only been re-
vealed by the present diffraction experiments. Magnetiza-
tion ' ' experiments have suggested that the crystal
field quenches the Pr + moment; the level scheme deter-
mined by neutron inelastic scattering measurements sup-
ports this interpretation. The small magnitude of the
Pr + moment revealed in our experiments confirms that
the ground state is of singlet character but that a small
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admixture of higher-lying states giving a net magnetic
moment occurs because of the coupling to the Cu + ions.

The rare-earth moments in both the NdzCu04 and
PrzCuO4 systems begin to participate in the 3D long-
range order at the Cu + Neel temperature. As discussed
earlier, this occurs because the rare-earth moments in-
teract with the Cu + spins. Although the antiferromag-
netic order of the Cu + spins and tetragonal symmetry of
the systems inhibit nearest-neighbor Cu + -(rare-earth)
exchange processes, second-nearest-neighbor exchange
can be appreciable. In a mean-Seld treatment where the
Cu2+ ions, through the Cui+ —(rare-earth) exchange, ex-
ert an effective magnetic field on the rare-earth ions, the
moment of the rare earth (RE) as a function of tempera-
ture is given by

(mRE & -y.bz(m, „) . (3)

Here y,b is the single-ion paramagnetic susceptibility of
the rare-earth ions within the a-b plane and J is the
Cu +-(rare-earth} interaction energy. Because the Cu +

ions are strongly correlated antiferromagnetically, the
measured bulk susceptibilities of both Nd2CuO~ and
PrzCu04 are dominated by the rare-earth ions. Using
susceptibility data from, for example, Allenspach et al. ,
one can easily check this model in PrzCu04, ' the line in
Fig. 7 through the Pr + moment data was computed
from Cuz+ moment and susceptibility data via Eq. (3).
The magnitude of the Pr + moment was Sxed at 0.08pz
at low temperatures and there is no other adjustable pa-
rameter. Clearly the agreement between this simple
theory and experiment is excellent. A similar analysis
could be carried out for Nd2Cu04; we have not done this
because the spin-reorientation transition and ordering of
the Nd + ions via their own spin-spin interactions intro-
duce additional complications. We nonetheless point out
that the low-temperature susceptibility of NdzCu04 is
dominated by the lowest Kramers doublet, which pro-
duces a Curie-Weiss behavior where the susceptibility
rises dramatically below -30 K.' This explains why the
Nd + moment is appreciable only at low temperatures.

kT. In mean-Seld theory, this heuristic argument implies

~zo &)M ~ (T
B N (4)

where J~ is interplanar interaction, M, is the sublattice
magnetization, Ma=g}us and gzD(T~~ is the 2D correla-
tion length at T& in the absence of the 3D coupling.
Avaiable 2D correlation length data ' for PrzCu04,
Nd2CuO~, and La2CuO~ (Tbr =245 K} are shown in Fig.
8. The solid lines are all of the form

E(rlu ) =Eae (5)

as predicted by Chakravarty, Halperin, and Nelson
(CHN} for the 2D S=

—,
' Heisenberg model at low temper-

atures. Here K is the inverse correlation length.
For LazCu04, 2np, was fixed at the spin-wave value,

2mp, =0.576, Ac/a =1500 K using Aeppli et al. 's value
iric=0. 85 eVA for a sample with T~=265+5 K. This
choice served to fix the prefactor in Eq. (5) at Ka=0.36,
which agrees with the CHN estimate within the com-
bined experimental and theoretical uncertainties. The
curves for NdzCu04 and PrzCuO4 correspond to Eq. (5)
with Ea fixed at 0.36 and 2np, =1370 and 1160 K, re-
spectively. These correspond to efFective nearest-
neighbor exchange constants of 137+8, 126+5, and
106+7 MeV for La2CuOz ( Tbl =245 K), Nd2Cu04
(T~=255 K), and Pr2Cu04 (TN=255 K), respectively.
These value are in reasonable agreement with those de-
duced from two-magnon Raman scattering measure-
ments. '

If one assumes ideal 2D Heisenberg behavior, then the
correlation lenghs at TN should be -290, 130, and 60 lat-
tice constants in La2Cu04, N12Cu04, and PrzCuOz, re-
spectively. For La2Cu04 from Eq. (4), this implies
Ji-3X10 MeV. This may be compared with the
value Ji=7X10 MeV deduced by Thio et al. ' from
their magnetization measurements on a sample with

B. Three-dimensional ordering temperatures

One of the striking features of the lamellar CuOz insu-
lating antiferromagnets is that the Neel temperatures are
closely similar in a large number of materials both tetrag-
onal and orthorhombic, frustrated and unfrustrated. In
this section we discuss the probable origins of this
phenomenon with emphasis on PrzCu04 and NdzCu04.
All of these CuOz materials are characterized by a strong,
nearly isotropic, nearest-neighbor exchange coupling
within the sheets and much weaker exchange coupling
between the sheets. Further, as may be seen in Fig. 1, in
the I4lmmm structure the exchange interaction between
nearest-neighbor planes is fully frustrated, thus signi-
ficantly reducing the efFective interplanar coupling.

As discussed originally in Ref. 26, in such lamellar ma-
terials 2D spin correlations develop progressively with
decreasing temperature within the layers and there is
then a crossover to 3D behavior when the interplanar
coupling between correlated regions becomes of order

0.04

~ 0.03-

C
C)

~ 0.02-

CD

g 0.01-

~ Lo~Cu0~ T&=245K

~ NdICu0, T& =255 K

o PrCu0, T&

Q
IQQ 2QO 300 40Q 500 6QO

Temperature (K)

FIG. 8. Temperature dependence of the 2D antiferromagnet-
ic inverse correlation lengths in La2Cu04, Nd, Cu04, and
Pr2Cu04. The solid lines correspond to Eq. (5) with
2mp, = 1500, 1370, and 1160K, respectively.
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Tz-240 K [including the zero-point correction factor
(M, /Mo) which was not considered in Ref. 13]. This
agreement is clearly quite satisfactory and would seem to
justify the above general approach. However, as dis-
cussed by Thio et al. ,

' this large between-plane coupling
in La2Cu04 explicitly arises from the orthorhombic dis-
tortion, that is, the exact cancellation of the exchange
fields between nearest-neighbor planes is lifted and there
is a small, but nonzero, exchange interaction between the
nearest-neighbor planes which drives the 3D ordering. It
should be mentioned that a similar situation obtains for
YBazCu306 In that case, the coupling between the bi-
layers separated by the CuO chains is weak, -0.013
MeV, but still adequate to account for the high-ordering
temperature without the detailed consideration of terms
beyond the Heisenberg exchange coupling. Specifically,
in stoichiometric LazCu04 the Neel temperature is -320
K while in YBa2Cu306 p, Tz-415 K. As we have noted
above, the ordering temperature in La2Cu04 is reason-
ably accounted for by Eqs. (4) and (5). The interplanar
coupling in YBazCuzOs 0 (Ref. 32) is about four times
larger than that in LazCuOz necessitating that, from Eq.
(4), the 2D correlation length at TN in the absence of the
3D coupling should be a factor of 2 smaller. As is evi-
dent from the LazCuO~ data around 415 K in Fig. 8, this,
in fact, appears to be the case.

It is immediately evident from Fig. 8 that these argu-
ments will fail for PrzCu04 and NdzCu04. Specifically,
because of the tetragonal symmetry, the effective inter-
layer coupling is 2 orders of magnitude weaker in these
two materials compared with that in LazCu04 or
YBazCu30&. From Eq. (4) this would require /zan(T~) to
be an order of magnitude larger in the tetragonal materi-
als compared with its value in LazCu04. The Heisenberg
curves in Fig. 8 imply the exact opposite behavior. In
discussing the resolution of this conundrum, it is useful to
consider, in addition, the material Sr2Cu02C12 which has
been studied by Vaknin et al. Sr2Cu02C12 has the
tetragonal La2Cu04 structure albeit with the LaO layers
replaced by SrCl. Two-magnon Raman measurements '

show that the nearest-neighbor in-plane exchange in
Sr2Cu02C12 is identical to that in PrzCu04 and Nd2Cu04
to within the errors. Thus, the 2D correlations should
exhibit the same behavior as that shown in Fig. 8 for the
latter two materials. Vaknin er al. find T~ =251% K in
their single crystal. It is simplest to discuss Sr2CuOzC12
first since it contains no magnetic rare-earth ions.
Sr2Cu02C12 orders in the La2Cu04 structure; that is, with
the spin direction in the Cu02 plane and perpendicular to
the antiferromagnetic propagation direction. Vaknin
et al. have sho~n that this 3D structure is preferred by
the interplanar magnetic dipole interactions. Further,
they find for the dipolar energy a value of -2X10
MeV. This corresponds to a J~ of —7 X 10 MeV in our
notation. Using Eq. {4), one finds that this necessitates
/zan( T~)/a -3000. This may be compared with the pure
2D Heisenberg model prediction of /zan(251 K}/a =100.
Clearly, the pure 2D Heisenberg model fails by a very
large factor.

The situation for Pr2Cu04 and Nd2Cu04 is more com-

plicated because of the presence of the rare-earth ions.
We emphasize, however, that the rare-earth-copper in-
tersublattice coupling is again fully frustrated (see Fig. 2).
Both Pr2Cu04 and Nd2Cu04 order at TN in the
La2Ni04-type magnetic structure with the spin vector
along the antiferromagnetic propagation vector. Presum-
ably this ordering must be preferred by the rare-
earth —copper interplanar coupling which then overrules
the copper-copper interplanar dipolar interaction. The
rare-earth-copper interaction involves both the magnetic
dipole-dipole coupling and anisotropic exchange. Be-
cause of the very small rare-earth moments near Tz
(-0.01ps), we expect the interplanar rare-earth —copper
coupling to be of the same order of magnitude as the
interplanar Cu-Cu interaction. This expectation is
confirmed by the behavior in Nd2Cu04. It seem clear,
therefore, that the net interplanar interactions in
Pr2CuO& and Nd2Cu04 are comparable to that in
Sr2Cu02C12. This, in turn, necessitates that
/zan(T~)/a =3000 for PrzCu04 and NdzCu04 in explicit
disagreement with the predictions of the 2D Heisenberg
model as illustrated in Fig. 8.

The probable resolution of this conundrum is straight-
forward. W'e have so far considered only the 2D Heisen-
berg exchange term. However, due to the tetragonal,
rather than cubic, point symmetry around the Cu + ions,
the interaction Hamiltonian in the CuOz layers actually
has the form

H g[J„""{S—;"S;"+s+SfSf+s)+J,","S S +s]
(nn)

(6)

with J„y & J,",". In La2Cu04 there is, in addition, an an-
tisymmetric exchange term due to the local rotations of
the Cu06 octahedra. ' We shall not discuss the conse-
quences of that term explicitly here. This anisotropic ex-
change is conveniently represented as a reduced anisotro-
py field h "=(J„"" J"")/J„"—" In LazC.u04, Peters et al.
find h =4X10;Thio et al. ' find a similar value from
a study of the spin-Nop transition. In YBazCu306 p from
the data of Tranquada et al. , we deduce h "=2X 10
In both cases, this 2D XY anisotropy is of the same order
as the between-plane coupling. Thus, in these two ma-
terials, the double crossovers from 2D to 3D and Heisen-
berg to XYbehavior should occur simultaneously.

In each of Pr2Cu04, Nd2Cu04, and Sr2Cu02C12 be-
cause of the frustration, the reduced interplanar coupling
is only of order 3 X 10 . However, because of the four-
fold 0 coordination of the Cu + ions, we expect the XY
anisotropies in these materials to be larger than that in
YBa2Cu306 p that is h " 2 X 10 . Thus, in these ma-
terials there should be well-separated crossovers from 2D
Heisenberg to 2D XY behavior and then from 2D XY
to a 3D XY transition. The crossover to 2D XYbehavior
should occur when h "g —1, which, in this case, implies a
2D correlation length of order 50 lattice constants.

We thus expect that the 3D Neel transition in frustrat-
ed tetragonal Cu02 materials will occur at a temperature
which is very close to the 2D Kosterlitz-Thouless (KT)
transition temperature of the system described by Eq.
(6). Unfortunately, there is rather little quantitative in-
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formation available for this Hamiltonian. For h„0.2.
Loh et al. find TN -0.45 J„""=630K. More recent
simulations by Ding and Makivic for the pure S=

—,
' 2D

XY model give T& 0 35J&y 500 K. This therefore
represent an upper limit to the Cu02 2D phase-transition
temperature. For h„very small, one expects

T~ -4ttp, Iln(CIIt ")

with C-8. This explicitly assumes that the Kosterlitz-
Thouless transition will occur shortly after the crossover
to 2D XY behavior. Using the values for 2', quoted
above and assuming h" is between 10 and 10 in the
tetragonal Cu02 materials with four-fold oxygen coordi-
nation, this gives Tz of order 230-290 K. These values
bracket the observed phase-transition temperatures of
-255 K in each of PrzCu04, N12Cu04, and SrzCu02Clz.
We believe, therefore, that the close proximity of the
phase-transition temperatures in these materials arises
from the fact that the J„„'sare similar and Tz depends
only logarithmically on the XYanisotropy.

In order to test this model, various neutron-scattering
measurements are required. First, one should measure
the spin-wave gap and thence h „ in each of the materials.
Second, the crossover from 2D Heisenberg to 2D XY be-
havior should be directly observable through the temper-
ature dependence of K and from the geometry of the 2D
critical scattering. Indeed, if we are correct, then these
materials, and most especially, Sr2Cu02C12, should pro-
vide ideal examples of quantum Kosterlitz-Thouless tran-
sitions.

Finally, we comment briefly on the spin-orientation
transitions in NdzCu04. As discussed above, the 3D or-
dering is determined by interplanar couplings which are
of relative order 10 —10 . Further, this coupling itself
involves a competition between the Cu + —Cu + and

Nd + —Cu + interplanar interactions with the
Nd + —Cu + couplings prevailing near TN. As the tem-
perature is decreased below TN, the relative populations
of the Nd + crystal-field levels, and thence the
Nd + —Cu interaction, will change. Cxiven the very
small net interplanar couplings, this could very easily
cause a change in the energy balance between the com-
peting structures thus generating the observed transi-
tions. Unfortunately, these ideas must remain specula-
tive since quantitative predictions of such effects are far
beyond our current understanding of the quantum chem-
istry of these materials.
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