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List of symbols

1-2-3 RBa,Cu;0q (1) neutron intensity at reciprocal lattice

2-4-8  R,Ba,Cug0 vector T

2-4-7 R,Ba,Cu,0,s J total angular momentum

2-1-4 R,_,Ce,CuO, J exchange energy

2D two-dimensional I exchange interaction energy in the

3D three-dimensional a-b plane

A average size of domain in the a—b layer Je exchange interaction energy along the

a, b, ¢ lattice parameters c-direction

C instrumental constant for the calculation of kA Boltzmann constant

neutron intensity M unit vector along the spin direction

Fy magnetic structure factor I antiferromagnetic propagation vector

f() magnetic form factor R Lanthanide ion

h k1 Miller indices of Bragg peaks RKKY  Ruderman—Kittel-Kasuya—Yosida

313



314

J.W. LYNN and S. SKANTHAKUMAR

S total spin momentum A London penetration length

S; spin operator at site i g Bohr magneton

T temperature (u,) thermal average of the ordered magnetic

T, superconducting transition temperature moment

Ty antiferromagnetic ordering (Néel) g superconducting coherence length

temperature T reciprocal lattice or scattering vector

t reduced temperature (1—7/Ty) T unit vector along the reciprocal lattice
ye \ ) vector T

<2mcz) neutron—electron coupling constant,

—0.27x10"2? cm

1. Introduction

The effects of magnetic impurities and the possibility of magnetic ordering in super-
conductors have had a rich and interesting history (see the reviews by Maple 1976
and Fischer and Maple 1983). Magnetic impurities substituted into a superconductor
were found to quickly suppress superconductivity due to the strong spin scattering
that disrupts the Cooper pairs. Typically ~1% substitution was enough to completely
extinguish the superconducting state, and such a low concentration of magnetic moments
precludes the possibility of cooperative magnetic states forming and competing with the
superconducting order parameter. The first exception to this behavior was realized for
the (Ce;_ R,)Ru, system, where over 30% of non-magnetic Ce** could be replaced
by the magnetic heavy lanthanides before superconductivity was suppressed. Strong
ferromagnetic correlations were found to develop in the superconducting state, but no
long-range order was present.

The first examples of true long-range magnetic order coexisting with superconductivity
were provided by the ternary Chevrel-phase superconductors (RMogSs) and related
(RRhgB4) compounds (Fischer and Maple 1983). In these materials there is a separate,
fully occupied lanthanide sublattice. The fact that these materials were superconducting
at all implied that the magnetic ions and the superconducting electrons belonged to
different, “isolated” sublattices, and thereby the conventional Abrikosov—Gorkov (1961)
spin-depairing mechanism was suppressed. The magnetic ordering temperatures are all
low, ~1 K, and thus it was argued that electromagnetic (dipolar) interactions should
dominate the energetics of the magnetic system. For materials where these interactions
favor antiferromagnetism the magnetization averages to zero on the length scale of a unit
cell (@), which results in a weak influence on the superconducting state (a < &, A). This
is the most prevalent case found in nature, and apart from a few anomalies in properties
such as the upper critical field, the antiferromagnetic order and superconductivity were
found to readily accommodate one another. In the rare and more interesting situation
where the magnetic interactions are ferromagnetic, there is strong coupling to the
superconducting state that originates from the internally generated magnetic field. The
competition with the superconducting order parameter gives rise to long wavelength
oscillatory magnetic states and/or reentrant superconductivity; the neutron work has been
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reviewed by Thomlinson et al. (1983), with some subsequent work (Lynn et al. 1984).
The studies of these materials contributed greatly to our understanding of these two
competing phenomena, but the possible role of exchange interactions in these systems,
and the related question of how the dipolar interaction alone could be responsible for the
antiferromagnetism in some materials while others (with the same crystal structure) are
ferromagnets, remained unexplained.

The cuprate superconductors offer new and interesting perspectives into our under-
standing of “magnetic superconductors” for a number of reasons. In the materials typified
by RBa,Cu30¢ ., (1-2-3) and Ry,BasCugO1¢ (2-4-8), for example, the R ions appear to be
electronically isolated from the Cu—O layers where the Cooper pairs form, similar to the
ternary superconductors, and the low lanthanide ordering temperatures (~1 K) suggested
that the cuprate superconductors were again prototypical “magnetic superconductors”.
They were also interesting because the layered crystal structure, with ¢ ~ 3a, rendered
them naturally two-dimensional (2D) in nature, and indeed some of the best 2D magnets
known belong to this class of materials (see the review by Lynn 1992). However, there
are also examples where the magnetic ordering temperature is much too high to be
explained by dipolar interactions, and it has become clear that R—R exchange interactions
actually must play a dominant role in the magnetism, as is also clearly the case for the
new RNi;B,C class of superconductors (Lynn et al. 1997, Stassis and Goldman 1997).
In contrast to the ternary superconductors, in the cuprates there is no clear separation
of the lanthanide sublattice from the superconducting electrons. Moreover, one of the
most interesting aspects of the cuprates concerns the magnetism associated with the
Cu ions, which is the same sublattice where the superconducting pairing occurs. The
undoped cuprates are antiferromagnetic insulators where the S=% Cu spins order at
high temperatures, typically near or above room temperature. The in-plane Cu exchange
interactions are much stronger than along the c-axis, and thus again the magnetism is two-
dimensional in nature. With doping, the materials lose the Cu long-range magnetic order
and become high-T7; superconductors. However, the Cu moments and energetics are still
present, and the essential role these quantum spin fluctuations play in the superconducting
state is reviewed in ch. 198.

In the present chapter we review the neutron scattering investigations of the magnetic
structures of the lanthanides in the cuprates. We start by discussing the tetragonal, single
Cu-O layer electron-doped materials typified by (Nd—Ce),CuQOy. These are the simplest
and best understood from a number of standpoints, but the lanthanide ions are clearly
exchange coupled in these materials, and there is also an important coupling between
the Cu and R moments. This is particularly evident when the Cu spins exhibit long-
range order, and we will therefore briefly describe the nature of the Cu order as well,
and its interaction with the lanthanide moments. We then discuss the 1-2-3- and 2-4-8-
type layered materials, which often exhibit prototypical 2D behavior. Next we will turn
to the behavior of the Pr ion in the cuprates, which is fundamentally different. In this
case the 4f electrons hybridize with the conduction electrons, which results in Pr having
the highest lanthanide ordering temperatures in this class of materials. This hybridization
also typically extinguishes the superconductivity. Finally, we will summarize our overall
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understanding of the lanthanide ordering in these materials, and briefly discuss future
directions.

2. General trends

Before discussing the details of these materials, there are some general trends that should
be noted. For the Cu spins, the central feature that controls many aspects of all the oxide
materials is the strong copper—oxygen bonding, which results in a layered Cu—O crystal
structure. In the undoped “parent” materials this strong bonding leads to an electrically
insulating antiferromagnetic ground state. The exchange interactions within the layers
are much stronger than between the layers, and typically an order-of-magnitude more
energetic than the lattice dynamics. The associated spin dynamics and magnetic ordering
of the Cu ions are thus driven by this two-dimensional nature. With electronic doping,
long-range antiferromagnetic order for the Cu is suppressed as metallic behavior and
then superconductivity appears, but strong antiferromagnetic spin correlations still persist
in this regime. It is this large magnetic energy scale that is associated with the high
superconducting transition temperature and exotic pairing, and these aspects are reviewed
by Mason in ch. 198.

For the lanthanide magnetism, the overall behavior is quite different. In the single-
layer R,CuQy4 type materials the lanthanide exchange interactions are three-dimensional
in nature, and typically the Cu and R systems exhibit relatively strong coupling. For the
multi-layered materials, on the other hand, the distance along the stacking axis becomes
quite large, and this physical separation renders the ordering two-dimensional in nature,
but for very different reasons than for the Cu system. The R—Cu interactions also tend
to be weaker and the lanthanide sublattice appears to be relatively isolated from the rest
of the system, making them prototypical 2D magnets with low ordering temperatures.

In all of these systems, for both the Cu magnetic order as well as the lanthanide
magnetic order, the spin structures are relatively simple commensurate antiferromagnetic
configurations. In particular, no materials have been discovered yet that exhibit a net fer-
romagnetic component, with its associated macroscopic magnetization. By commensurate
we mean that the antiferromagnetic unit cell is a simple integer multiple of the chemical
unit cell. Within the Cu—O planes, for example, the nearest-neighbor spins have always
been found to be antiparallel, and the spins always point along a common direction (i.e.,
they are collinear) within the a—b plane. However, there can be the complication that
some of the structures are noncollinear, by which we mean that the direction of the spins
between the layers is not necessarily along the same crystallographic direction. The added
complication of having both Cu and R moments can then make the magnetism of these
cuprates quite rich and interesting.

3. Single-layer systems

We start our discussion with the magnetic ordering in the electron-type R,CuQO4 (2-1-4)
materials. The basic crystal structure is tetragonal I4/mmm (T’ phase) in which the Cu
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Fig. 1. T’ tetragonal crystal structure of the single Cu—O layer R,CuO,
system.

spins occupy a body-centered tetragonal (bct) lattice (a ~3.91 A, c~11.9A) as shown
in fig. 1. The Cu—O bonding within the a—b plane results in strong exchange interactions
within these layers, while the rare-earth ions form layers between these Cu—O planes. The
Cu spins in the undoped (“parent”) material are antiferromagnetically ordered and the
material is insulating, while ~7.5% Ce or Th substituted onto the R site (R=Pr, Nd, Sm,
Eu) gives the optimal doping for superconductivity, with 7, ~ 25 K. The phase diagrams
as a function of doping for all of these cuprate materials are reviewed elsewhere in this
Handbook (Maple 2000, Elschner and Loidl 2000). For the Cu spins the c-axis coupling is
thus much weaker than the coupling in the a—b plane, giving rise to both two-dimensional
magnetic properties and highly anisotropic superconducting behavior. Note, however, that
the exchange interactions for both the Cu and R moments, as well as the superconducting
order parameter, must be mediated through magnetically active layers.

When a material undergoes a transition from a paramagnet to a magnetically ordered
state, new Bragg peaks develop that are associated with the long-range magnetic order.
The positions of these new magnetic reciprocal lattice points 7 identify the magnetic
configuration of the spins, while the size and spin direction of the moments can be
determined from the intensities. For a simple collinear magnetic structure the neutron
intensity is given by (Bacon 1975)

2 2 N2
1(:)—6(2112) () (f () |FM|2<1— () > (M

where C is an instrumental constant, the quantity in large parentheses is the neutron—
electron coupling constant (—0.27x 10712 ¢cm), (u,) is the thermal average of the ordered
magnetic moment, f(t) is the magnetic form factor (the Fourier transform of the
atomic magnetization density), Fy is the magnetic structure factor, and 7 and M are
unit vectors in the direction of the reciprocal lattice vector 7 and the spin direction,
respectively. The orientation factor (1 —(7 - M)*) must be averaged over all possible
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Fig. 2. Temperature dependence of the (%,%,0) Cu magnetic Bragg peak in Sm,CuQ,. The solid curve is a
least-squares fit to a simple power law, [ =1,(1—T/Ty)*, with $=0.30(1) and Ty =280(1)K (Skanthakumar
et al. 1991).

domains. A similar, although more complicated, expression is obtained if the magnetic
structure is noncollinear, but the general behavior in terms of magnetic moment, form
factor, and determination of the spin directions is qualitatively the same.

Figure 2 shows the intensity of the (%,%,0) magnetic Bragg peak associated with the
Cu ordering in Sm;CuQO4 (Skanthakumar et al. 1991). We see from eq. (1) that the
intensity is proportional to the square of the ordered moment, which in this case is
the sublattice magnetization. The smooth variation with temperature indicates that the
ordered moment develops continuously below the Néel temperature of 280 K. However,
we note that the intensity does not exhibit the usual saturation at low T typical of a
conventional three-dimensional order parameter. The solid curve is a fit to a power law 2,
where ¢ is the reduced temperature and 3=0.30+0.01. This is the expected behavior
near the ordering temperature, but it is unusual for a power law to fit the data over such
a wide temperature range. This has been observed in other S :% Cu—O systems, and
is thought to originate from the two-dimensional quantum fluctuations present in these
highly anisotropic antiferromagnets.

The magnetic Bragg peaks observed in the magnetically ordered state can be indexed
as (%h, %k, /) based on the chemical unit cell, where 4 and k are odd integers and
[ is any integer. Since the first two Miller indices are half integers, the Cu magnetic
unit cell is double the chemical unit cell along the a and b directions while it is the
same along c¢. This Cu magnetic unit cell is the same as that found for the other 2-1-4
systems. The interactions between spins within an a—b plane are antiferromagnetic as
already discussed, so that nearest-neighbor spins within a layer are antiparallel, as is the
case in all the cuprates. The nearest-neighbor exchange interaction JS;-S; between layers,
on the other hand, is seen to cancel due to the body-centered tetragonal (bct) symmetry,
further rendering the net Cu spin interactions 2D in nature. Hence the three-dimensional
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Cu spin structures in R,CuO,
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Fig. 3. The four possible Cu spin structures in tetragonal R,Cu0,: (a) collinear with ¢,, 1 M; (b) noncollinear-
Sm,CuO, type (c) collinear with ¢,, || M; (d) noncollinear-Nd,CuO, type.

magnetic structure that is actually realized must be stabilized by higher-order interactions
(Yildirim et al. 1996), as we will discuss shortly.

The detailed spin structure, which entails assigning a spin direction to each site, turns
out to contain an ambiguity; there are two possible descriptions (figs. 3a,b) that may
occur for the present case where the crystal structure has tetragonal symmetry, and it is
not possible to distinguish between them with neutron diffraction data on a multidomain
sample. One possibility is a collinear spin structure as shown in fig. 3a, which is the
same structure as observed in orthorhombic La,CuOy4 (Vaknin et al. 1987). The antiferro-
magnetic propagation vector gy that describes this structure is along the [110] direction,
while the spin direction M is orthogonal, along [110]. The structure then consists of
ferromagnetic sheets in the (110) plane, with the spins in adjacent sheets antiparallel
(gqm L. M) and the magnetic symmetry is orthorhombic. A second, completely different
possibility is the noncollinear spin assignments shown in fig. 3b. In this structure the spins
within each Cu—O plane are again collinear and antiferromagnetically coupled as before,
but the spins between adjacent planes are rotated by 90° and hence are noncollinear. The
spin direction in this structure is either along the [100] axis or along the [010] axis, and
the basic magnetic symmetry in this case is tetragonal rather than orthorhombic.

These two basic magnetic structures, collinear and noncollinear, are in fact closely
related: the noncollinear structure can be obtained from the collinear structure by the
coherent addition of two separate domains of the collinear structure. From a scattering
point of view, the intensities of the magnetic Bragg peaks from a domain of the collinear
structure would be quite different from those for the noncollinear structure. However,
generally a material exhibiting the collinear structure would form equal populations
of domains, and the intensities from the multiple-domain sample are identical to the
intensities for the noncollinear structure. Thus in a zero-field experiment the two types
of structures cannot be distinguished, and one must apply a symmetry-breaking magnetic
field to identify the correct structure. If we apply the field along the [110] direction for



320 J.W. LYNN and S. SKANTHAKUMAR

SmeCu0, RZCUO4
C 25000 (101) 1 ]
-
c 20000 ] * g
o [
< \ ii [ -9 -
n 15000 q 4 t P P
)
C e R
8 10000 . F .F - _ov
Q nF 4 o> e c.
o 5000 ]
3] $ <o :
z 0 . . ! L R b
1 2 3 4 5 5 T o7
@ Temperature (K) (b) R = Sm (¢) R = Gd,Cm

Fig. 4. (a) Temperature dependence of (1,0,1) Sm magnetic Bragg peak intensity (Sumarlin et al. 1992).
(b) Sm magnetic structure. (¢) Magnetic structure for Gd and Cm.

example, one can see from fig. 3 that the behavior of the spin system will be quite different
depending on whether the structure is collinear, where spins are parallel or antiparallel
to the field direction, or noncollinear, where the spins initially are at 45° to the field
direction. The results for Nd,CuO4 (Skanthakumar et al. 1993a,b) demonstrate that the
correct structure is the noncollinear one (Skanthakumar et al. 1989, Petitgrand et al. 1990),
and the noncollinear structure appears also to be correct for Sm,CuQO, (Skanthakumar et
al. 1993a), Pr,CuQy4 (Sumarlin et al. 1995), and Eu, CuO4 (Chattopadhyay et al. 1994b).

For the lanthanide ordering, the simplest example is provided by Sm,CuQy4, which also
turns out to be an interesting example of the interaction between the lanthanide magnetism
and superconductivity. All observed Sm magnetic peaks were found to coincide with
nuclear peaks, and they can be indexed as (4,k,/) based on the chemical unit cell, where
all i, k and [ are integers and / + k + [ = even integer. The intensity of the [101] magnetic
Bragg peak is shown in fig. 4a, where we find a Néel temperature of 5.95 K (Sumarlin et
al. 1992). The magnetic transition is clearly very sharp, and indicates that the lanthanide
and Cu magnetic structures do not interact significantly with each other. The fact that
the Miller indices are integers signifies that the magnetic unit cell is identical to the
chemical unit cell. The magnetic structure for the Sm moments is shown in fig. 4b,
where we see that the moments form ferromagnetic sheets in the a—b plane, that are
coupled antiferromagnetically along the c-axis, with the spin direction also along c.
The Sm magnetic structure, which is in the I4/m’mm magnetic space group, then has
a completely different symmetry than the Cu structure, and the spin directions are
orthogonal as well, so that the two magnetic phases in this material are independent of
each other to a very good approximation.

The ordered magnetic moment of the Sm ion is only 0.37(3)up, which is quite small
compared to the heavy lanthanides. With the high ordering temperature of ~6K, it
is quite clear that the energetics must be dominated by exchange interactions, with
the dipolar interactions playing only a very minor role. In the doped superconducting
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system, the dilution of the Sm sublattice smoothly decreases the Néel temperature to
~4.9 K, with little other effect on the magnetism. In the superconducting state (7. =23 K),
but above the Sm antiferromagnetic ordering temperature, the Cu—O layers contain a
mirror (m) symmetry, which the superconducting wave function must accommodate.
When the Sm ions order magnetically, on the other hand, then the Cu—O layers
contain an antimirror symmetry (m’), and the superconducting wave function must then
accommodate this change in symmetry. Viewed along the c-axis, the system consists of
alternating superconducting and ferromagnetic layers, which should require a change of
sign of the superconducting order parameter in adjacent Cu—O layers. This “mt-phase”
model is predicted to substantially affect the superconducting state below the magnetic
ordering temperature (Andreev et al. 1990), and this is an active area of interest both in
this natural layered system and in artificially layered films.

The nature of the lanthanide moments and magnetic ordering can also have important
consequences for the Cu magnetic structure, and vice versa, as we will now discuss.
The column on the left of fig. 5 shows the temperature dependence of five magnetic
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Fig. 6. Noncollinear spin structures for (a) Nd in phase I and III, (b) Nd in phase II, and (c) Pr.

Bragg peaks for Nd,CuOj. Five magnetic transitions have been identified (Skanthakumar
et al. 1989, Endoh et al. 1989, Lynn et al. 1990, Matsuda et al. 1990). The initial
ordering of the Cu spins occurs at a Néel temperature of 276 K for this sample, where all
the (%,%,l)—type reflections increase in intensity with decreasing temperature in phase I
(75K < T<276K), and the noncollinear Cu spin structure is that shown in fig. 3d.
We remark that the Cu ordering temperature is quite sensitive to small changes in the
oxygen content, with 7y varying from 245K to 276 K (Skanthakumar 1993). At 75K
the intensities of the odd-integral (odd-/) peaks suddenly drop, while the even-integral
peaks increase abruptly in intensity. This indicates that a spin-reorientation transition for
the Cu spins has occurred, and the new noncollinear Cu spin structure is shown in fig. 3b.
At 30K another abrupt spin reorientation takes place, where the spins rotate back to the
original spin sense as indicated by the negligible intensity for 7 < 30 K of the (%,%,O) peak,
which has nonzero intensity only in Phase II (30 K < 7" < 75 K). Note that this is the same
peak that has the strongest intensity for Sm;CuQy, and it turns out that these transitions
are the result of a spin reorientation from one noncollinear structure to the other, and
then back again, as shown in fig. 6. Similar types of spin-reorientation transitions have
been observed in some other related compounds (e.g. La,CoQOy), but those transitions are
accompanied by structural phase transitions (Yamada et al. 1989). In Nd,CuQy, there is no
evidence for structural phase transitions accompanying the magnetic order, and hence the
origin of these spin-reorientation transitions must be different. Finally, the Nd ions order
antiferromagnetically in the vicinity of 1.5K, also in a noncollinear spin arrangement,
and the magnetic symmetry of the Nd spins is identical to that of Cu spins. In addition to
all these transitions, there is a fifth transition of a continuous nature at 0.15 K, which is
due to an induced ordering of the nuclear spins through the hyperfine interactions. Such
a nuclear spin ordering was originally introduced to explain the low-temperature data of
both Nd,CuO4 and Sm,CuQy, and has been recently investigated thoroughly in Nd,CuOy4
(Chattopadhyay and Siemensmeyer 1995).
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Below 30K (phase III) the intensities evolve in a rather complicated way, and this
turns out to be caused by the development of substantial (staggered) moments on the Nd
sites as indicated in fig. 7b. Note in particular that the ( 2,2,3) peak varies substantially
in intensity at lower temperatures (fig. 5), and this is the strongest peak associated
with the Nd ordering at low temperature (Lynn et al. 1990, Matsuda et al. 1990). The
antiferromagnetically ordered Cu sublattice induces the Nd spins to order in a staggered
arrangement. There are four Cu nearest-neighbor spins, one next-nearest-neighbor and
four third-neighbors, for each Nd ion. The nearest-neighbor Cu—Nd interactions cancel
exactly due to the tetragonal crystal symmetry. However, next-nearest-neighbor and
third-neighbor interactions do not cancel, but instead produce a field that polarizes the
Nd sublattice antiferromagnetically. This polarization field turns out to have the same
symmetry as when the Nd ions order spontaneously, and thus the Nd ions are quite
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susceptible even at elevated temperatures, and a net sublattice magnetization of the
Nd ions is observed in all the ordered phases (fig. 7b). An induced Nd moment has also
been observed in resonant X-ray scattering measurements (Hill et al. 1995). Magnetic
structures for the Nd spins along with the Cu spins are shown in figs. 6a,b for all
phases. Note that the induced moments at elevated temperatures (over 100K), and the
spontaneous order at low 7', are noncollinear structures. Note also that the intensities of
the (%,%,1) and (%,%,2) peaks increase with decreasing temperature in phase II, while
the intensities of the (%,%,O) and (%,%,3) peaks decrease. This behavior is reversed in
phase III, and these observations indicate that the Nd and Cu spins along the c-direction
are coupled antiparallel in phase II, while they are parallel in phases I and III (figs. 6a,b).
The temperature dependence of the other magnetic peaks as well as detailed refinements
of the intensities (Skanthakumar 1993, Petitgrand et al. 1992) confirm this type of Nd—Cu
coupling. The refined magnetic moment for Nd is 1.44, 0.04, and 0.014ug at 0.4, 50 and
80K, respectively. This shows in a direct way that the Nd and Cu spin systems are coupled,
and because of the high temperatures involved this again must be exchange coupling
rather than dipolar coupling. This has important implications for the superconductivity
since the Nd moments and Nd ordering occur in the superconducting system; the
conventional wisdom would say that the Abrikosov—Gorkov spin-depairing mechanism
would surely destroy any chance for superconductivity in the material. Thus even if we
were to discard the fact that there are Cu spin fluctuations in the superconducting phase
of these materials, we still have to deal with the fact that the lanthanide moments are
there, and are directly coupled through the superconducting planes.

The properties of both the Cu and lanthanide magnetic structures, ordered moments,
and ordering temperatures are summarized in table 1, along with some related systems.
For Pr,CuQy4 the Cu spin structure (Cox et al. 1989, Allenspach et al. 1989, Matsuda
et al. 1990, Sumarlin et al. 1995) is the same as that (fig. 3d) observed in Nd,CuO;, at
high temperature. The temperature dependence of five typical magnetic peaks is shown
in the right-hand column of fig. 5, where we see that the nonmonotonic behavior again
indicates that R—Cu coupling is also present in Pr,CuQOy4. The spin structure is shown
in fig. 6¢, and the (small) induced Pr moment (obtained from theory discussed below) is
shown in fig. 7a. We see that the Pr and Cu spins are coupled antiferromagnetically along
the c-direction, in contrast to Nd,CuO4. Measurements under high pressure in Pr,CuQO4
suggest spin-reorientation transitions (Katano et al. 1993) similar to Nd,CuQy, but the
Nd system is the only one to exhibit these under ambient pressure. For Eu,CuQy, the
Eu’* ion has a non-magnetic ground state, and therefore only Cu magnetic ordering is
observed in this system (Chattopadhyay et al. 1994b, Gukasov et al. 1992). In Gd,CuO4
(Chattopadhyay et al. 1991b, 1992) and Cm,CuQOy4 (Soderholm et al. 1999), the lanthanide
and Cu spin structures are different. Gd and Cm order ferromagnetically in the a—b plane
and are coupled antiferromagnetically along ¢ like Sm,CuQy, with relatively high ordering
temperatures. However, the spin direction is in the a—b plane, and the easy direction within
this plane cannot be obtained by (zero-field) neutron data. Note that superconductivity
does not occur in these two compounds for any Ce doping. Finally, we note that there



LANTHANIDE MAGNETIC ORDER: NEUTRON SCATTERING STUDIES 325

Table 1
Magnetic properties of R,CuO,*. The Cu ordering temperature, 7(Cu), and ordered moment, u.,, change
with oxygen concentration. Here we give the highest observed 7' and the corresponding i,

Material Tx(Cu) Uey (Ug)  Magnetic Tx(R) (K)  ug (ug) Magnetic Ref.
(K) structure, Cu structure, R
La,CuO," 325 0.5 fig. 3a 1
Pr,CuO, 284 0.40(2) fig. 3d Induced 0.080(5) fig. 6¢ 2-5
Nd,CuO, 276 0.46(5) fig. 3d° ~1.5 1.44(5) fig. 6a 4,6-14
Sm,CuO, 280 0.38(4) fig. 3b 595(5) 037(3) fig. 4b 8,15-17
Eu,CuO, 265 0.4(1) fig. 3b J=0 18,19
Gd,CuO, 285 fig. 3cord 6.4 7 fig. 4c 20,21
Cm,CuO, d 25 5.0(5) fig. 4c 22
Sr,CuO,Cl, 251 0.34(4) fig. 3aorb 23,24
Ca,Cu0,Cl, 247 0.25(10) 25

* La, Eu, Sr and Ca ions do not a carry magnetic moment. The ground state of Pr is a nonmagnetic singlet
and only a small induced moment is observed for Pr due to exchange mixing.

® Only La,CuO, has an orthorhombic (Cmca) crystal structure; all others are tetragonal (I4/mmm). However,
recently orthorhombic structural distortions have been reported in Eu,CuO, and Gd,CuO, (Vigoureux et al.
1997a,b).

¢ Spin reorientation occurs at 75 K and 30 K. Between these two temperatures the correct structure is represented
by fig. 3b.

4 Cu ordering in Cm,CuO, has not been studied yet, but the Cu spin structure is not expected to be different
from other R,CuO, compounds.

¢ Cu spin structure is different from all other related materials. In this system, the magnetic unit cell is doubled
along the c-direction.
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is an indication for an induced Gd moment due to the polarization by the Cu sublattice
in Gd,;CuOy4 (Chattopadhyay et al. 1994a), and in principle the Cu sublattice polarizes
rare-carth spins in all these compounds. Superconductivity does not occur in any of the
other R,CuO4 (R=Tb-Lu) systems, and no neutron diffraction experiments have been
reported yet.
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The effects of Ce doping on the magnetic ordering of R and Cu in R, _,Ce,CuO,4 have
been studied for the Nd and Pr systems (Lynn et al. 1990, Skanthakumar et al. 1992, 1999,
Skanthakumar 1993, Thurston et al. 1990, Rosseinsky et al. 1991, Zobkalo et al. 1991).
Taking Nd; _,Ce,CuOy4 as an example, for small Ce concentrations (x <0.14) the same
non-collinear antiferromagnetic order (fig. 6) for both the Cu and Nd spins is observed.
Both the average ordered Cu moment and 7'y decrease with increasing Ce concentration x,
and no long-range order is observed at optimal doping of x=0.15 (7.5% substitution of
Ce for Nd). The Cu spin-reorientation transitions also broaden rapidly with increasing x,
while the fraction of Cu spins that participate in the spin reorientation also appears to
decrease with increasing x.

On the other hand, the Nd ordering transition, which is smeared due to the strong
Cu—Nd coupling in Nd;CuQO,4, becomes sharper with increasing x. The temperature
dependence of the (%,%,3) magnetic peak for crystals with various Ce concentrations
is shown in fig. 8a. Since the ordered Cu moment decreases with increasing x, the
strength of the Nd—Cu coupling and the associated induced moment also decrease with
increasing x, allowing the transition to become sharper. To see this effect directly,
the temperature dependence of the ratio between the ordered moments of Nd and Cu
for various Ce concentrations is shown in fig. 8b. In the temperature regime where
the dominant contribution to the Nd ordered moment is via the Nd—Cu interaction,
these temperature-dependent moment ratios fall on a universal curve since the induced
Nd moment is proportional to the ordered Cu moment. The proportionality constant
depends on the magnetic susceptibility of the Nd ions, and we see that the Nd contribution
to the magnetic susceptibility changes only marginally with cerium doping. At lower
temperatures (< 1.5 K), the ordered Nd moment develops a contribution from the Nd—Nd
interaction, and the ratios for different Ce concentrations depart from the universal curve.
Nuclear spin ordering of Nd also contributes to the increase in intensity below ~0.4 K.

In the superconducting sample (x=0.15), there is no indication for long-range Cu
magnetic ordering. However, a transition to long-range antiferromagnetic order of Nd
occurs at 1.2 K, with an ordered moment of 0.85ug, and this transition is relatively sharp
as there is no ordered Cu moment to induce Nd ordering at higher temperatures. There is
no indication for long-range ordering of either Cu or Nd in crystals with higher cerium
concentrations (x > 0.17). However, at low temperatures, broad magnetic peaks with weak
intensities due to short-range Nd order are observed. The intensities of these peaks are
found to increase with decreasing temperature, analogous to an order parameter, while the
widths are approximately temperature independent. This indicates that for higher cerium
concentrations the domains are small (~150 A).

Oxygen plays a crucial role in both the magnetic and transport properties of the
high temperature superconductors. In the electron-doped Nd,_,Ce,CuO4 system the
superconducting properties were found to be very sensitive to both cerium and oxygen
concentrations. In fact, even in optimally doped Nd; gsCe 15CuOQy4, superconductivity can
be achieved only by removing a small amount of oxygen from as-grown samples (Radaelli
et al. 1994) and not by doping more Ce. The overall effects of oxygen reduction on
the Cu magnetic ordering are similar to that of increasing the cerium concentration in
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Fig. 8. (a) Temperature dependence of the (% ,%,3) magnetic Bragg peak for Nd, ,Ce,CuO, crystals with various
Ce concentrations. (b) Temperature dependence of the ratio between the ordered moments of Nd and Cu. At
higher temperatures, the ordered (induced) Nd moment is proportional to the Cu moment, and thus the curves for

various crystals overlap. At lower temperatures (below 1.5 K), the Nd ions spontaneously order (Skanthakumar
1993, Skanthakumar et al. 1999).

Nd; _,Ce,CuO4 (Skanthakumar 1993, Matsuda et al. 1992). In Nd; g5Ce(15CuQy, the
observed magnetic intensities due to Nd ordering in as-grown samples were found to be
larger than those of the deoxygenated (superconducting) samples. In addition, magnetic
ordering of Cu and, therefore, the Nd—Cu coupling, are observed in as-grown samples,
while they disappear when the excess oxygen is removed.

As mentioned earlier, the linear exchange interaction between Cu layers cancels due
to the bct symmetry, and the actual spin structure is then a result of a delicate balance
of superexchange, spin—orbit, and Coulomb exchange interactions (Yildirim et al. 1994,
1996). In the absence of the R ions, quantum fluctuations would be expected to yield
the collinear magnetic structure (Yildirim 1999) and this may indeed be the case for
the Sr,CuO,Cl, material (Yildirim et al. 1998). However, this leaves unexplained the
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observation of the noncollinear structures in the R,CuQOy4, and quantum fluctuations
certainly cannot explain the series of spin rotations that occur in Nd,CuOy. It is thus
clear that the lanthanide exchange interactions and crystal-field anisotropies must play an
essential role in determining the three-dimensional magnetic structures realized in these
systems, and the correlation between lanthanide magnetism and superconductivity.

Considerable progress in properly taking into account the lanthanide exchange
interactions and crystal field anisotropies has been achieved recently (Yildirim et al. 1994,
Sachidanandam et al. 1997). The theory includes various novel anisotropic magnetic
interactions in the cuprates that have a microscopic origin, along with R—R, R—Cu,
and Cu—Cu exchange interactions. The calculations show that due to the exchange field
acting on the lanthanide ion coupled with the crystalline electric field interactions, there
is a strong single-ion anisotropy that orients both the Cu and R=Pr,Nd spins along
the [100]-type directions, into the observed noncollinear spin arrangement. The model
also successfully predicts the consecutive spin flop transitions observed in Nd,CuOy,
and the calculations (solid curves) shown in fig. 5 are in excellent agreement with
the data. The Cu spins order first, and then as the temperature decreases the Nd spins
develop a significant polarization. As this polarization develops it disrupts the balance of
energies along the c-axis, and this causes an abrupt (first-order) spin reorientation from
one noncollinear structure to the other. As the Nd moment increases the energetics shift
again and the spins rotate back to their original directions. The polarization of the Nd
sublattice, as determined by fitting the model to the intensities of a series of magnetic
Bragg peaks, is shown in fig. 7b. We see that there is a substantial induced moment on the
Nd below ~100 K, while the Nd exchange orders the moments at ~1.5K (in the absence
of the Cu). This behavior contrasts with the situation for Pr,CuQy4, where the Pr crystal-
field ground state is a (non-magnetic) singlet (Sumarlin et al. 1995, Staub and Soderholm
2000). There is then a small moment that is present due to exchange mixing (Matsuda et
al. 1990, Sumarlin et al. 1995), and the polarization of this moment as determined from
the model is presented in fig. 7a; the excellent fits to the data are shown as solid curves
in the right column of fig. 5. The model predicts that there is significant polarization all
the way up to T'n(Cu), but this polarization is too small to cause spin reorientations in
Pr,CuQy, in agreement with experiment. Finally, we note that this same type of calculation
also predicts that the easy axis lies along [001] for Sm in Sm,CuQy4, with no significant
coupling of the lanthanide and Cu spin structures, again in agreement with observation.
We conclude then that there is a good overall understanding of the microscopic magnetic
interactions, and the consequent magnetic phases and associated spin dynamics, in the
single-layer materials.

4. Multilayered systems
We have seen in the previous section that the single-layer materials exhibit substantial

R-Cu exchange coupling, and they also have modest (for cuprates) superconducting
transition temperatures. For the materials that contain multiple Cu—O layers the 7, values
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are typically much higher because of the stronger coupling between the Cu—O layers.
For the canonical RBa;Cu30g., . (1-2-3) system, there are three copper—oxygen layers of
ions in each chemical unit cell, which are stacked along the c-axis. Two of these layers
have oxygen ions between the Cu ions in both the @ and b crystallographic directions
(the Cu-plane layers), and the oxygens cannot be removed. The third Cu layer only has
O ions along one axis. This is the so-called “chain layer”, and the oxygen concentration
can be readily varied in this layer from full occupancy (x = 1) to full depletion (x=0). Both
the magnetic and superconducting properties are very sensitive functions of the oxygen
concentration x; in the fully oxygenated case (x=1) the system is a 90" K superconductor
for all the trivalent lanthanide elements R except Pr, while in the magnetic regime (x < 0.4)
the Cu plane-spins order antiferromagnetically and the system is a Mott insulator.

The lanthanide ions are centered between the two Cu plane layers in the 1-2-3 system,
but they turn out to be remarkably isolated electronically from the Cu—O layers. Indeed all
the physical measurements on the RBa,Cu3 Qg (1-2-3), the R,BasCugO1¢6 (2-4-8), and
the RyBasCu;0;5 (2-4-7) systems show that the 4f electrons are effectively isolated from
the Cu—O superconducting layers, as well as from each other. The single exception is for
Pr, and we will discuss this unique case separately. The crystal-field splittings are also
very important (except for Gd), and for the orthorhombic symmetry appropriate for these
materials typically the lanthanide ground state is doubly degenerate for half-integral J
(like Dy or Er) or singly degenerate (like Ho) for integral J (and hence non-magnetic).
The crystal-field properties have been reviewed by Staub and Soderholm (2000). As far
as the nature of the magnetic ordering is concerned for half-integral J, the higher crystal-
field levels are at energies much larger than the ordering energy k7T, and consequently
do not play an important role in the ordered state. However, the first excited state for
integral J is very close to the ground state (except for Tm), and therefore it is possible
for the rare-earth ions to order magnetically in these materials as well. In Tm, the singlet
ground state is well separated from higher states (~12 meV), and consequently lanthanide
magnetic order is not observed in the Tm compounds. For the systems with a magnetic
ground state the direct (exchange) overlap of the 4f wave functions is of course out of
the question, and the indirect and superexchange interactions turn out to be relatively
small. Thus the ordering temperatures are low (typically ~1 K), and dipolar interactions
are important in these materials. Hence the lanthanide magnetism is similar in many
regards to “conventional” magnetic-superconductor systems.

The sublattices for the lanthanide ions are shown in fig. 9 for the 1-2-3 (9a), 2-4-8 (9b),
and 2-4-7 (9¢) structures. Neglecting the small orthorhombic distortion in the a—b plane,
the 1-2-3 lattice is simple tetragonal. The 2-4-8 system then consists of two 1-2-3
unit cells stacked on top of one another, but shifted by /2. The 2-4-7 system, on the
other hand, consists of two 1-2-3 cells stacked directly on top of one another, and
then another two layers stacked on top, but shifted by /2. Hence the 2-4-7 structure
consists of 1-2-3 bilayers. The basic ingredient that lowers the effective dimensionality d
of this class of magnetic materials to d =2 is that for all three structures the nearest-
neighbor R distance along the c-axis is three times the nearest-neighbor distance in
the a or b directions; typically a~b~3.9A, and c~ 12 A. For a dipolar interaction
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Fig. 9. Crystal structures for the rare-earth ions in the (a) 1-2-3, (b) 2-4-8, and (c) 2-4-7 systems. The two-

dimensional behavior of the magnetism is due to the large inter-ion spacing along the c-axis compared to the

a—b plane (c~3a). In addition, in the 2-4-8 and 2-4-7 structures the net interactions along the c-axis cancel
for some magnetic configurations.

(E o< 1/r3) the strength of the coupling along ¢ should be reduced by ~(a/c)* ~ 1/27, while
either direct or superexchange interactions would be expected to be reduced by even a
larger factor. A significant indirect (RKKY) exchange might still be operative over this
long distance, but the conduction electron density at the lanthanide site turns out to be
small, and in fact the ordering temperatures in both the insulating and superconducting
compounds (which in the 1-2-3 materials can be realized by simply varying the oxygen
content) are comparable. The final conclusion is that the interaction along ¢ is indeed
considerably more than an order of magnitude smaller than the interactions operating
within the a—b plane, and this generates the 2D-like magnetic behavior. This contrasts
with the interactions in the 2-1-4 materials, where the nearest-neighbor R distances are
all comparable, and there is no 2D-like behavior for the R magnetism.

4.1. Cu spin ordering

The high-temperature antiferromagnetic transition in the 1-2-3 system involves the
ordering of the Cu spins in the Cu-plane layers. At x=0 the Néel temperature 7y can
exceed 500K, and then 7Ty monotonically decreases to zero at x = 0.4. The spins within
the a—b plane are antiferromagnetically aligned, as is always the case, with the spin
direction also in the a—b plane. The Cu ions in adjacent layers are located immediately
above and below each other along the c-axis, and the exchange interaction along the c-axis
is also antiferromagnetic. In particular, the Cu lattice is not body-centered as in the single-
layer materials, and hence there is no cancellation of the exchange interactions between
layers. Nevertheless, the overall behavior is still quite 2D in nature because of the strong
in-plane Cu-O bonding. It is also possible to dope the chain layers in the 1-2-3 material
electronically, either from adjacent sites or directly on the Cu chains, and this can cause a
moment to develop on the Cu chain sites, which can also order. This is not a problem for
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the heavy lanthanides, but is an important difficulty encountered in the Pr system, and to
a lesser extent in Nd 1-2-3. This coupling breaks the symmetry that the lanthanide site
enjoys when only the Cu-plane layers are magnetic, and can consequently influence the
lanthanide ordering and R—Cu coupling. We will return briefly to this problem when we
review the Pr ordering.

For the 2-4-8 materials we note that it is not possible to vary the oxygen content
significantly, while for the 2-4-7 systems it can be varied from 14 to 15. However, there
is no long-range Cu order to consider in these superconducting systems.

4.2. Lanthanide ordering in RBa,Cu3;0;

The R—R interactions in these superconductors are all quite weak, and the antiferromag-
netic ordering temperatures are typically ~1 K as already noted. The most thoroughly
investigated system is probably ErBa,Cu3O, and this material turns out to be an ideal
representation of a S =% 2D Ising antiferromagnet. Early investigations were carried out
on polycrystalline samples (Lynn et al. 1987), and were followed by detailed studies on
single-crystal samples (Lynn et al. 1989, Paul et al. 1989, Chattopadhyay et al. 1988a,
1989). In the top portion of fig. 10 we present a diagram of reciprocal space, showing
the positions of the nuclear (crystal structure) and magnetic (spin structure) Bragg peaks
which occur at positions like (%h,k,%l). If the system were purely 2D in character then we
would expect to see rods of magnetic scattering as shown; above the ordering temperature
this scattering originates from critical fluctuations, while below Ty it originates from
low-energy spin waves. The lower portion of fig. 10 shows three scans through the
rod, just above the ordering temperature. This strong rod of scattering develops for
temperatures <1K, and at the temperature shown the width is solely instrumental in
origin. Also shown in the figure is a scan along the rod, which demonstrates that the
scattering intensity is essentially uniform. Hence there are no significant correlations
between the spins in adjacent a—b layers, even though we are just above 7y =0.62K as
indicated by the measured sublattice magnetization shown in fig. 11. The energetics are
clearly 2D in nature, and we thus regard the phase transition at 7y as 2D in character.
The magnetic structure for Er 1-2-3 is shown in fig. 12a, and consists of chains of spins
coupled ferromagnetically along the b-axis, and antiferromagnetic along a and c. The
in-plane magnetic structure is found to be identical in the Er 2-4-8 and Er 2-4-7 systems.
In the Dy (Goldman et al. 1987, Fischer et al. 1988, Clinton et al. 1991), Nd (Yang et
al. 1989, Fischer et al. 1989), and Gd (Paul et al. 1988) 1-2-3 superconductors, on the
other hand, nearest-neighbor spins are found to be antiparallel in all three directions, and
they exhibit the magnetic structure shown in fig. 12¢, with ordering temperatures of 0.9,
0.5, and 2.2 K, respectively. Tb does not form the 1-2-3 structure, but superconducting
TbSr,Cu, 7Mog 307 exhibits the same magnetic structure, with 7y =5.4 K (Li et al. 1997).
Tm 1-2-3, on the other hand, possesses a singlet crystal-field ground state, which must be
non-magnetic. This illustrates an important point, that the crystal field plays an essential
role in these systems (see ch. 194 of Vol. 30 of this Handbook, by Staub and Soderholm).
The above four ions (Er, Dy, Gd, and Nd) are half-integral J lanthanide ions, and therefore
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Fig. 10. (top) Reciprocal space for ErBa,Cu;0,, showing the three-dimensional nuclear and magnetic Bragg
peaks, and the two-dimensional rods of scattering. (bottom) Scans through the rod, and along the rod, just above
the ordering temperature of 0.618 K, showing that there are strong spin correlations within the a—b planes, but
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no significant correlations between planes (Lynn et al. 1989).
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Fig. 11. Temperature dependence of the
0 PR NS NS S RS R S sublattice magnetization for ErBa,Cu;0,. The
0 0.2 0.4 0.6 0.8 1.0 1.2 solid curve is the fit to the data of Onsager’s
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Fig. 12. Three-dimensional magnetic structures for the RBa,Cu;O,, systems. (a) ErBa,Cu;O; (Lynn et
al. 1987, 1989, Paul et al. 1989, Chattopadhyay et al. 1988a, Maletta et al. 1990, Clinton et al. 1995).
(b) The Er spins in portions of some samples of ErBa,Cu;Oq,, are coupled ferromagnetically along the
c-axis (Chattopadhyay et al. 1988a, 1989, Paul et al. 1989, Clinton et al. 1995). (c) DyBa,Cu;0; (Goldman
et al. 1987, Fischer et al. 1988, Clinton et al. 1991, 1995), NdBa,Cu;0q,, (Yang et al. 1989, Clinton et al.
1995), PrBa,Cu;Oq, . (Li et al. 1989, Guillaume et al. 1993), GdBa,Cu;0,,, (Mook et al. 1988, Paul et al.
1988) and TbSr,Cu, (cMo,;0; (Li et al. 1997). (d) DyBa,Cu;0,4 (Guillaume et al. 1993, Clinton et al. 1995),
GdBa,Cu;0q, , (Chattopadhyay et al. 1988b, Guillaume et al. 1993). (e) Correlations in HoBa,Cu;0; (Roessli
et al. 1993a). (f) YbBa,Cu;0; (Roessli et al. 1992).

in a (low-symmetry) crystal-field environment we expect the ground state to be (at least)
doubly degenerate (so that S =% is appropriate). Consequently the lanthanide ions will
always carry a moment at low temperatures, and order magnetically. This is also the
case for Yb 1-2-3, which orders antiferromagnetically at 0.4 K (Roessli et al. 1992).
The situation for the case where J is whole-integral, on the other hand, results in a
crystal-field ground state that is a (non-magnetic) singlet. Hence Tm 1-2-3 does not order
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(Chattopadhyay et al. 1990). Ho also does not have a conventional magnetic transition,
but the large nuclear moment and hyperfine field combine to drive a phase transition at
140mK (Roessli et al. 1993a).

It is important to note that the dimensionality of the phase transition is also evident in
other measurements such as specific heat and susceptibility, which measurements in fact
often precede the neutron experiments and play an essential role in detecting the phase
transition and revealing the nature of the magnetism. Specific heat as well as inelastic
neutron scattering have also shown that the crystal-field ground state for the Er ion (as
well as Dy and Nd) is a doublet, so that an S :% (two-state) description is appropriate.
Hence this system should be described by an S :% 2D Ising antiferromagnet. Below the
Néel temperature Bragg scattering is observed, and the temperature dependence of the
sublattice magnetization (order parameter) is shown in fig. 11. The solid curve in the
figure is the exact Onsager (1944) result for the S= % 2D Ising model, and it is seen that
experiment is in excellent accord with this exact theory. Analogous behavior has been
observed in DyBa,;Cu3;O7 (Clinton et al. 1991, 1995).

One of the interesting features of “2D” magnetic systems is that generally they will
order three-dimensionally even if the interaction in the third direction is very weak (see
Lynn 1992 for a review). To understand the origin of this behavior, we designate J,;, to
be the basic interaction within the a—b plane, which will consist of possible exchange
plus dipolar energies, and J,. as the energy (likely dominated by dipolar interactions)
of interaction along the c-axis. The crystallography for the present systems dictates that
Jap > J,, and hence the systems should display 2D-like behavior. By this we mean that for
kT > J 4 there will be no significant correlations in the system, and the magnetic (diffuse)
scattering will be uniformly spread throughout the entire Brillouin zone. As k7 becomes
comparable to J,, strong correlations develop within the planes, while there will be
no significant correlations between layers as has been found in the ErBa,Cu;O; and
DyBa,Cu305 systems just discussed. This will give rise to rods of critical scattering. For
Jap > kT >J. we will continue to see a rod of scattering; above the ordering temperature
this will be critical scattering, while below the ordering temperature this will consist of
low-energy spin waves.

For systems which are strictly two-dimensional, of course, only an Ising model (which
we believe to be appropriate for the present materials) will exhibit true long-range order
at finite temperature. However, even for the cases of xy or Heisenberg spins, 3D long-
range order will be induced for J. < J 4. In the conventional two-dimensional systems
such as K,NiF, (Birgeneau et al. 1970) and K,CoF4 (Ikeda and Hirakawa 1974), and of
course the Cu spins in the insulating cuprates, the 2D ordering and the 3D ordering in
fact occur at (essentially) the same temperature. The reason for the induced 3D order can
be understood by the following argument. Assume that a static moment has developed
in the layers. There is then an energy +J.4 between the layers, where A4 is the average
size of a domain in the layer. The minus sign is for layers that are properly matched
(e.g. antiferromagnet configuration if J, <0), where every spin is correctly paired with
the adjacent layer. The + sign, on the other hand, is for layers that are mismatched,
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in which every spin is incorrectly aligned. Thus even if the interlayer coupling is very
weak, there is an energy difference ~2J.4 between the “correct” and the “wrong” spin
configurations, and this energy difference can be quite large since A is large. Hence as
soon as 2D order is established, ordering is expected to be induced along the c-axis,
producing 3D Bragg peaks. In the “conventional” 2D magnets studied to date, in fact, no
difference has been discerned between 7(2D) and 7'n(3D). An interesting exception to
this behavior will be discussed in the next section.

Another manifestation of the weak interactions along the c-axis is that the materials
can get “confused” about what is the correct spin structure. The confusion may be caused
by the influence of twin and grain boundaries, defects, intergrowths, variations in the
oxygen content, etc., which can alter the delicate balance of the dipolar energies. The
ErBa;Cu3O7 structure, for example, corresponds to chains of moments that are aligned
ferromagnetically along the b-axis, while adjacent chains are aligned antiparallel to form
an overall antiferromagnetic configuration. In some samples, however, the spins along
the c-axis are found to be parallel rather than antiparallel, forming ferromagnetic sheets
of spins (Paul et al. 1989, Chattopadhyay et al. 1988a, 1989). The dipole energies for
these two configurations are very similar, and the specific structure may depend on the
metallurgical state of the sample. A similar dichotomy of structures has been observed
for the Dy (Clinton et al. 1991, 1995, Goldman et al. 1987) and Gd (Mook et al.
1988, Chattopadhyay et al. 1988b) 1-2-3 compounds, and a multiplicity of magnetic
structures may be a common feature of these systems. The magnetic structures for the
1-2-3 materials are summarized in fig. 12; additional details are reviewed elsewhere (Lynn
1990). Dipole—dipole interactions favor three different types of magnetic order in the
a—b plane based on the direction of the magnetic moment, which is generally determined
by the crystal-field anisotropy. If the moment is along the c-axis (Nd, Gd, Dy), nearest-
neighbor spins order antiferromagnetically along both a and b directions (figs. 12¢,d). If
moments are along the b-axis (Er), they are coupled antiferromagnetically along a and
ferromagnetically along b (figs. 12a,b), and this coupling is reversed for moments along
the a-axis (fig. 12e) (Ho; Roessli et al. 1993a). All the a—b-plane spin configurations are
the same for 2-4-7, 2-4-8, and for 1-2-3 compounds with different oxygen concentrations;
the only known exception to this is Yb (Roessli et al. 1992), where the magnetic moment
is along b like Er, but the coupling is ferromagnetic along a and antiferromagnetic along b

(fig. 12f).
4.3. R;Ba,CusO;s and Ry;BaysCu;0;5 systems — ideal 2D magnetism

The 2-4-8 and 2-4-7 systems are directly related to the 1-2-3 system, and the lanthanide
sublattices are shown in fig. 9 (above). For the 2-4-8 system which we will discuss first,
the basic difference with the 1-2-3 is that each layer along the c-axis is shifted by 5/2,
producing a face-centered type of lattice along the b-axis. The nearest-neighbor distance
along the c-axis is still three times a or b, and hence the intrinsic magnetic interactions
are highly anisotropic just like the 1-2-3 case. The low-temperature magnetic diffraction
pattern for a powder sample of Dy,BasCugOj¢ (often called simply RBa,CusOg) is
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Fig. 13. Magnetic scattering for DyBa,Cu,Oq at 0.05 K, well below the ordering temperature of 0.9 K. The data

are obtained by subtracting the high temperature data from the data well below the ordering temperature, and

the “negative” background is due to the absence of paramagnetic scattering in the ordered state. The magnetic

scattering exhibits the classic shape for a two-dimensionally ordered material. No three-dimensional Bragg
peaks are observed at any temperature (Zhang et al. 1990).
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Fig. 14. Magnetic structures for the RBa,Cu,O; materials. (a) Er (Zhang et al. 1990). (b) Dy (Zhang et al.
1990, Roessli et al. 1993b). (c) Ho (Roessli et al. 1994). (d) Pr (Lin et al. 1998).

shown in fig. 13 (Zhang et al. 1990). Instead of 3D powder Bragg peaks, the scattering
shows a 2D-like “sawtooth” profile even though we are well below the Néel temperature
Tn=0.9K. The solid curve is in fact a fit to the 2D theory, assuming long-range order
within the a—b plane and no correlations along the c-direction. The scattering corresponds
to the (%,%) 2D peak, which means that nearest neighbors within the a—b plane are
antiparallel. The magnetic structure for Dy 2-4-8 (Zhang et al. 1990, Roessli et al. 1993b)
is shown in fig. 14b, along with the other 2-4-8 systems investigated. In the first layer all
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the spins are antiferromagnetically arranged. In the next layer up along the c-axis, all the
spins are displaced by &/2. For the closest spins between layers, we will have two + spins
and two —spins, and the net interaction is zero. Next-neighbor interactions also cancel,
and in fact all the (point) interactions sum to zero by symmetry. Hence this is an example
of a fully frustrated spin system for the interlayer coupling (indicated by the question mark
in the figure), and the a—b layers are for practical purposes completely decoupled from
one another. Similar behavior has been observed in the Dy,Ba;Cu;0,5 system (Zhang
et al. 1992). In this bilayer case the magnetic scattering appears as a modulated saw-
tooth profile, with the modulation arising from the bilayer structure of the material. We
expect a similar decoupling of adjacent layers or bilayers for any of the other lanthanide
elements which have the same in-plane magnetic structure, which is in fact the most
common occurrence. For Er,BasCugO;¢, on the other hand, the Er spins in the a—b plane
form ferromagnetic chains (Zhang et al. 1990), as in the Er 1-2-3 case. This magnetic
structure does not possess the frustration of the Dy material, and thus conventional three-
dimensional Bragg peaks are observed below T'y. However, above Ty 2D correlations are
still found, indicating that the basic interactions are 2D-like as expected.

Three-dimensional magnetic Bragg peaks are also observed in Er,BasCu;0i49;
(Bottger et al. 1997), with a finite but large correlation length (~130A) along the
c-axis. Specific-heat data on this compound can be described by an anisotropic 2D Ising
antiferromagnet, and therefore the basic interactions are 2D in character like Er 1-2-3
and Er 2-4-8. The only other compound in this series that has been studied by neutron
diffraction is Ho 2-4-8 (Roessli et al. 1994). The data are similar to Dy 2-4-8, and
thus Ho 2-4-8 is fully frustrated for the interlayer coupling; the data show long-range
2D magnetic peaks with a short correlation length (~18 A) along the c-axis.

4.4. Oxygen dependence of the lanthanide ordering in RBa;Cu3z0Og , x

Significant variations of the magnetic ordering are observed as a function of oxygen
concentration for various lanthanides, such as Er (Clinton et al. 1995, Maletta et al. 1990),
Dy, and Nd (Clinton et al. 1993, 1995), while in GdBa,Cu;Og . , the oxygen concentration
does not appear to affect the nature of the three-dimensional long-range magnetic order
or the ordering temperature (~2.2K) (Chattopadhyay et al. 1988b, Paul et al. 1988,
Mook et al. 1988). In ErBay;Cu30¢.,, for example, Ty is initially found to decrease
with decreasing x, and for x 2 0.5 long-range 3D magnetic order occurs below 7y and
2D short-range correlations above T'n. For x < 0.5 3D long-range magnetic order is lost,
and only 2D correlations are observed. In ErBa,;Cu;Og, neither 2D nor 3D long-range
order develops, and only 2D short-range correlations are observed. The superconducting
phase of DyBa,Cu3 0, exhibits the same behavior as Er, that is, no 3D correlations are
observed above Ty (~0.9K), while 3D long-range order is observed below T. In the
insulating phase (x < 0.4), on the other hand, both 2D and 3D correlations develop at low
temperatures, but 3D long-range order never occurs.

The concentration of oxygen appears to have the strongest effects in NdBa;CuzOg ;4 »
(Yang et al. 1989, Clinton et al. 1993, 1995). For the fully oxygenated (and supercon-
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ducting) materials 3D long-range order is observed, with 7'y =0.53 K. Modest reduction
of the oxygen concentration to x =0.78, however, completely destroys 3D order, and only
short-range 2D correlations (~20 A) are observed. At lower x where the insulating phase
occurs (and the Cu spins are ordered) 3D order again develops with a 7 as high as
1.5K. The transition is still sharp, as there is not much coupling to the Cu sublattice.
The ordered moment for Nd is only about 1ug, so the high ordering temperature for Nd
cannot be explained by dipole interactions alone.

All these observations indicate that there is some coupling between lanthanide moments
and the Cu chain layer, since the magnetic ordering is strongly affected by the oxygen
content. The detailed nature of these interactions, however, is not understood at this time.

4.5. PngrgRl,xCameOg

Neutron studies (Wu et al. 1994, 1996, Hsieh et al. 1994b, Staub et al. 1995-1997) have
been performed on the magnetic ordering in powder samples of Pb,Sr;R; _,Ca,Cu;0s,
which superconducts for 0.2 <x <0.8. In these materials all the lanthanides except Ce
superconduct, with 7, as high as 80K. The suppression of superconductivity in
Pb,Sr,Ce; _,Ca,Cu30g is not thought to be connected to the magnetism, but to the
tetravalent nature of the Ce ion in this compound (Skanthakumar and Soderholm 1996).

The lanthanide ions in this system have a site environment that is similar to that in the
1-2-3 systems, and the 2D magnetic behavior that has been observed for R=Tb and Pr
is not unexpected. The separation along the c-axis is about 15.8 A, which is even larger
than the 1-2-3 system. In Pb,Sr;Tb; _,Ca,Cu30g, the Tb spins are found to order with
relatively high transition temperatures of 5.3 and 4K for x=0.0 and 0.5, respectively.
These high ordering temperatures again demonstrate that exchange interactions dominate
in these materials. In addition, magnetic susceptibility and inelastic neutron scattering
experiments suggest that significant 2D Tb—Tb correlations persist even at temperatures
above the superconducting transition temperature, which is more than an order of
magnitude above T'N. Further work on this class of materials is warranted.

5. The special case of Pr

A singular exception to the low ordering temperatures of the lanthanides is found
for the class of cuprates that contain Pr: these generally are not even metallic let
alone superconducting. This unique behavior has inspired extensive studies of the
physical properties of the Pr cuprates in order to determine why only Pr suppresses the
superconducting state while the other lanthanides exhibit very little effect. The magnetic
ordering of the Pr is also anomalous in that the ordering temperatures are an order of
magnitude higher (~15 K) than for the other rare-earth systems, indicating much stronger
exchange and hybridization effects for the 4f Pr electrons.

Investigations of the magnetic order of Pr in PrBa,Cu3Og., have been complicated
by a number of factors. One is that this material is a semiconductor for all x, and thus
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the Cu spins always order at a much higher temperature than the Pr spins. A second
complication is that with appropriate doping, either directly on the chain site or on the
Ba site, the chain spins can also develop a moment and exhibit long-range magnetic order,
either together with the plane spins or as a separate magnetic transition. Moreover, the
development of chain moments turns out to be especially sensitive to even small levels
of dopants in the Pr 1-2-3 system, which has been a particular problem with many flux-
grown crystals. A further complication is that the ordered moments for Pr and Cu are
comparable in magnitude, and this can lead to ambiguities in the interpretation of data.
Finally, Pr has a tendency to occupy the Ba site in Pr 1-2-3, and this changes both the
magnetic and electronic behavior.

These complications have led to possible ambiguities in interpretations and lively
debates, but a consensus has now emerged about the nature of the Pr ordering in these
materials. Nevertheless, the consensus is certainly not yet unanimous, and the debate
will no doubt continue with the recent report by Zou et al. (1998) of superconductivity
in a small fraction of a variant, not yet identified, phase of Pr 1-2-3. This contrasts with
the semiconducting behavior found in the overwhelming majority of Pr 1-2-3 samples,
as already noted. However, it has been shown that the susceptibility in the sample that
exhibits superconductivity is a factor of two smaller than was reported initially (Narozhnyi
and Drechsler 1999, Zou et al. 1999), suggesting that the Pr content is reduced by half,
and thus it seems likely that the floating-zone technique produces small regions that are
either Y-rich and/or Ba-rich with Ba occupying the Pr site. In particular, it is known that
relatively modest substitution for Ca on the Pr site provides a 90 K superconductor (Xiong
et al. 1998), and similar behavior would be expected for Ba. Thus it seems likely that the
superconductivity does not originate from Pr 1-2-3, but rather from an alloy.

We start our discussion of the Pr magnetic ordering by considering PrBa,Cu;Og . .,
which was the first Pr material to be investigated with neutrons (Li et al. 1989). The
system is a semiconductor for the full range of x, with the Cu ions retaining their high
magnetic ordering temperature. The f-electron hybridization has been observed directly
by inelastic neutron scattering experiments, which have found that there are substantial
linewidths to the crystal-field excitations of the Pr (Staub and Soderholm 2000). The
exchange interactions are thereby enhanced, increasing the ordering temperature and
rendering the lanthanide ordering 3D in nature.

In this initial study a simple antiferromagnetic ordering was found to develop below
Tn=17K, with antiferromagnetic coupling between nearest-neighbor Pr moments in
all three directions in the crystal. The magnetic structure is the same as found in the
Dy and Gd 1-2-3 systems, shown in fig. 12c. The observed ordering temperature was
in good agreement with specific heat and susceptibility results, which studies have
elucidated the systematics of this ordering by following it as a function of oxygen
concentration and as a function of Y (and other lanthanides) substitution on the Pr site
(for a review see Radousky 1992). Bulk measurements show that as oxygen is removed
Tn(Pr) monotonically decreases to 12K for PrBa,Cu;Og, and this has been confirmed
by neutron diffraction measurements on the depleted system (Guillaume et al. 1993).
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Studies on single crystals of the “pure” PrBa,Cu;Og¢., have been carried out
subsequently, but the results have been complicated because of contamination of the
samples from the crucible, and/or Pr substitution on the Ba site. In particular, it is now
known that crystals grown in alumina or MgO crucibles by the flux technique become
doped by Al or Mg (Casalta et al. 1994, Uma et al. 1998b). These (inadvertent) dopings
can cause the Cu chain spins to order (Lynn et al. 1988, Li et al. 1988, 1990, Rosov et
al. 1992a). This ordering varies with oxygen content x, and is strongly coupled to the
Pr sublattice because the symmetry of the two magnetic structures is the same. The chain
doping can also reduce the Néel temperature for the Pr ordering, and can change the nature
of the Pr structure along the c-direction (Longmore et al. 1996, Boothroyd et al. 1997,
Boothroyd 1998, 2000) so that the usual c-axis antiferromagnetic coupling is not found in
these samples. During the course of these investigations there was also a suggestion from
NMR measurements (Nehrke and Pieper 1996) that the Pr was actually non-magnetic in
pure Pr 1-2-3, but a reinvestigation with neutrons (Skanthakumar et al. 1997b) on pure
powders indicated that the Pr was indeed ordering, and this has also been confirmed on
pure crystals by neutrons (Uma et al. 1998a) and by resonant X-ray scattering (Hill et al.
1998). It therefore appears likely that the NMR may have been detecting some Pr on the
Ba site in that sample, which may well be in a nonmagnetic singlet crystal-field state,
while the line due to the Pr on the R site is too broad to observe.

The relatively recent development of non-reactive BaZrOs crucibles has now permitted
the growth and investigation of undoped single crystals. In a fully oxygenated single
crystal the Cu spins order at 281 K, while the Pr moments order at 16.8 K as shown
in fig. 15 (Uma et al. 1998a). The initial ordering is revealed by the intensity of the

%,%,O) versus 7' shown in the center. This structure corresponds to antiferromagnetic
alignment of spins in the a—b plane, while the spins along the c-direction are
ferromagnetically aligned. The development of the ordered Pr moment is accompanied
by a modest coupling to the Cu spins as indicated by the intensity of the (%,%,2) Cu peak
(top). At ~11 K (on cooling) a first-order “spin-flop” transition occurs to a Pr spin structure
where the nearest-neighbor Pr moments along the c-axis flip to become antiparallel rather
than parallel. This corresponds to the development of the (%,%,%)-type peak as indicated
in the bottom of the figure. The data clearly indicate that there is strong hysteresis in both
types of Pr magnetic peaks, and the behavior is in good agreement with the specific heat
and thermal expansion data taken on warming and cooling. The results on this pure single
crystal are in general agreement with the data obtained on the polycrystalline sample,
but the details with regard to the crossover from ferromagnetic to antiferromagnetic
nearest-neighbor alignment along the c-axis are different. These differences are likely
due to the delicate balance of interactions along the c-axis (Narozhnyi et al. 1999),
and their subtle dependence on factors such as small concentrations of defects and
impurities, oxygen content, strain, etc. There have also been indications of a small
in-plane incommensurability of the magnetic peaks observed by X-ray resonant scattering
(Hill et al. 1998).

Studies have also been carried out to observe the effects on both Cu and Pr order by
chemical substitution on other sites in the Pr 1-2-3 system. Zn is found to substitute on
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the Cu planes, and this has no effect on either the Pr ordering temperature or size of
the ordered moment (Li et al. 1993), but it does change the coupling along the c-axis
from antiferromagnetic to ferromagnetic. Ga, on the other hand, substitutes preferentially
on the Cu chain sites. This again changes the magnetic structure along the c-axis from
antiferromagnetic to ferromagnetic, but in addition 7'y is reduced (Li et al. 1994) while
the ordered moment remains unchanged. Neither of these substitutions has a significant
effect on the Cu powder Bragg peaks in the temperature regime where the Pr orders.
Another type of substitution can occur for “pure” PrBa,Cu;Og.,, where the Pr can
substitute on the Ba site forming Pr;,Ba,_,Cu3O¢.,. This has the effect of reducing
the ordering temperature for the Pr (Malik et al. 1992), as does La substitution for Ba
(Wang et al. 2000).

There has been considerable additional work investigating the magnetic ordering of the
Pr in the cuprate class of materials, and the properties for Pr systems investigated with
neutrons in this class of materials have been reviewed recently elsewhere (Lynn 1997).
PrBa,Cu,Og also orders antiferromagnetically at 7y ~ 17 K like the 1-2-3 material, with
an analogous magnetic structure (Lin et al. 1998, Li et al. 1999). For PrBa,Cu,;NbOg
(Rosov et al. 1993) the Cu chain layer is replaced with a (fully oxygenated) NbO, layer,
which of course carries no moment. This eliminates the complication of the chain
magnetism, and we still find a high ordering temperature for the Pr and no influence
on the Cu plane ordering when the Pr subsystem orders. A similar situation occurs
for TIBa,PrCu,0; (Hsieh et al. 1994a) where the CuO chains are replaced by TIO.
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There is no observable interaction between the Cu and Pr order, as would be expected
since the magnetic structures have different symmetries. Similar behavior is observed for
the more complicated Pr; 5Ce( 5Sr,Cu,(Nb,Ta)O; system (Goodwin et al. 1997). Again
there can be no Cu chain magnetism, and there is a high observed T for the Pr. The
Pb,Sr,PrCu;Og material (Hsieh et al. 1994b, Lin et al. 1997) is somewhat different in that
it has no oxygen in the Cu chain layer, while the properties of the Pr are quite similar to
the other systems. Finally, we note that the related BaPrO; material, which obviously has
no complications of Cu ordering of any kind, exhibits a similar Pr ordering temperature
and reduced moment (Rosov et al. 1992b) as for the cuprates. Thus in all the layered
cuprates the Pr carries a moment and orders magnetically at much higher temperatures
than the heavy lanthanides.

6. Lanthanide spin dynamics

Measurements of the spin dynamics of the lanthanide moments are considerably more
difficult than determining the magnetic structures, but several investigations have been
made which we briefly point out. If we introduce lanthanide exchange interactions, then
this will give rise to magnetic excitons propagating in the lattice. This is revealed as
dispersion of the crystal-field levels, and such dispersion has been observed for both
Pr,CuO4 (Sumarlin et al. 1994, 1995) and Nd,CuO4 (Henggeler et al. 1996), and for
the Ce-doped systems (Henggeler et al. 1997). The observed dispersion is as large as
a few meV, which indicates that there are quite significant R—R exchange interactions
in these materials. The spin dynamics of the exchange-split crystal-field ground state
have also been investigated for Nd,CuO4 by Loewenhaupt et al. (1995), and more
recently by Casalta et al. (1998) above the Nd magnetic ordering temperature. The latter
authors find that there is a fluctuation component that persists up to room temperature,
and is associated with the exchange field of the Cu spins acting on the Nd moments.
This has decidedly 2D character and presumably originates from the 2D character of
the Cu spin system. The other component originates from the usual paramagnetic spin
fluctuations of the Nd moments above the ordering temperature. Below 7'y the Nd and Cu
modes are predicted to be mixed in the parent compound, and the theoretical predictions
for the spin dynamics in the ordered state (Thalmeier 1996, Sachidanandam et al. 1997)
are in reasonable agreement with experiment (Henggeler et al. 1997). There is predicted
to be an additional mode that has yet to be observed, and additional work in this area
is desirable. In the doped system the observed spin waves are simplified because the
Cu spins are not ordered, and the model calculations are able to reproduce the data.
The spin dynamics of the lanthanide systems have also been investigated both above
and below the ordering temperature in superconducting ErBa,Cu;O7 (Skanthakumar et
al. 1997a). In this case the Cu moments interact weakly with the Er and are not ordered,
and the lanthanide system can thus be treated independently of the Cu. The ground-
state dispersion relation along the [110] direction is shown in fig. 16. There is a large
(compared to kTyN) gap of about 0.20meV in the excitation spectrum, as would be
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expected for an Ising system. However, for a pure Ising system S* commutes with the
Hamiltonian and thus the spin waves would be dispersionless, while there is clearly some
observed dispersion in the a—b plane. Measurements along the c-axis indicate that these
excitations have no measurable dispersion in that direction, and this behavior is expected
because the magnetic interactions are weak along the c-direction. The Ising-type gap is
still dominant, though, and the data of fig. 16 show that this material is still a good
approximation to an Ising magnet.

Finally, we note that the spin dynamics for the Pr 1-2-3 system have been investigated
in some detail, and not surprisingly, it is quite different than the other systems. A broad
distribution of quasielastic scattering (and broad crystal field levels) was observed in
powders (Skanthakumar et al. 1990). These energy widths could be due to exchange
interactions, where the width is caused by the powder average of a dispersive excitation,
or it could be intrinsically broad due to hybridization. Single-crystal measurements
reveal a broad, dispersionless distribution of scattering (Lynn et al. 2000), indicating
that hybridization is the cause. In addition, the distribution of magnetic scattering is
temperature-independent, similar to what has been observed in non-Fermi liquid systems
(Aronson et al. 1995). Lister et al. (2000) have also carried out inelastic measurements
on single crystals recently and find a similar distribution of scattering, but with some
structure in it. Further measurements will be needed to explore these details.

7. Overview and future directions

The magnetic ordering of the lanthanide ions in superconducting systems has been a
topic of active interest for many years. In conventional “magnetic superconductors”
such as the Chevrel phase and related materials the lanthanide moments are coupled
very weakly both to the metallic electrons and to each other, resulting in very low
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magnetic ordering temperatures and a delicate energetic balance with superconductivity.
A similar situation occurs for the layered cuprates in that the development of long-
range lanthanide magnetic order also occurs at very low temperatures. In contrast to the
earlier systems, though, the superconductivity in the cuprates typically occurs at much
higher temperatures, and the antiferromagnetic order that develops on the lanthanide
sublattice coexists with the superconducting state. Neutron scattering has revealed the
nature of the magnetic ordering of the lanthanide ions in the layered 1-2-3, 2-4-8, and
2-4-7 oxide superconductors, where the separation of the lanthanide ions is much larger
along the c-axis than along the a—b directions. This renders these materials prototypical
two-dimensional (2D) magnets, and with the spin—spin interactions being relatively weak
compared to the anisotropies, this generally results in Ising-like magnetic behavior. Thus
in the ErBa,Cu;O; material, for example, there is remarkable agreement between the
observed order parameter and the exact solution for the S =% 2D Ising model. Another
textbook example is provided by the DyBa,Cu4Og system, where a geometric cancellation
of the already weak interactions occurs along the c-axis, effectively decoupling the
lanthanide a—b layers. The system thus exhibits no crossover to the 3D behavior usually
found below the ordering temperature, making it the best example of a 2D magnet known
to date. One of the interesting avenues of exploration will be to investigate the spin
dynamics of these materials, as high-quality single crystals large enough for inelastic
scattering become available.

The 2-1-4 class of materials, on the other hand, provides the first examples of
superconductors where the exchange interactions unambiguously dominate the lanthanide
energetics, such as Sm;CuQO4 which has a dipole ordering temperature that is two
orders of magnitude lower than the observed ordering temperature of 6 K. Thus the
traditional picture of negligible exchange being necessary for a superconducting material
to simultaneously exhibit long-range magnetic order has to be abandoned. Of course,
the magnetic properties of the Cu ions are also of central interest, where the magnetic
fluctuations may be directly involved in the formation of the superconducting state.
The question of the origin of the superconductivity has by no means been settled yet,
but even if magnetic fluctuations are not at the root of the superconductivity in these
high-T7, materials, it is quite clear that the Cu—O layers are intimately involved in both
the magnetism and superconductivity, and the striking magnetic behavior these materials
display is of fundamental interest in its own right.

From the very early days of cuprate superconductors it was known that a dramatic
exception to the overall behavior of these magnetic-superconductor systems occurs for
Pr, and this singular exception has been the subject of extensive research. The magnetic
ordering temperatures are an order of magnitude higher for Pr than for the other lanthanide
materials, and consequently the magnetic coupling must be dominated by exchange.
Moreover, with the exception of Pr,CuO4 where the crystal-field ground state is an
isolated singlet, superconductivity is significantly affected in the Pr materials. The origins
of this effect and the nature of the Pr magnetism are still under active investigation and
debate, and this will certainly be an area that will receive attention from experimentalists
and theorists alike.
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