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Neutron scattering has been used to study the magnetic order of the Er ions in superconducting
ErBa,Cu;O;. Above the 3D Néel temperature (7» =0.618 K) a rod of scattering characteristic of 2D
behavior is unambiguously observed, showing that the magnetic interactions of the rare-earth ions are
highly anisotropic; below T the order parameter follows the exact Onsager solution for a 2D Ising anti-
ferromagnet. At low T, two separate types of simple 3D antiferromagnetic structures are found, one
characterized by a wave vector of (§,0,0), and the other by (+,0, 1 ).

PACS numbers: 74.70.Hk, 75.25.+z, 75.30.Kz, 75.40.Cx

The magnetic properties of the heavy rare-earth ions
2R in the #Ba,Cu307 superconductors have been of par-
ticular interest since the initial experiments which
showed that the superconductivity in this system is
unaffected by the substitution of R for yttrium.'™3 This
observation indicates that the rare-earth sublattice is
electronically isolated from the superconducting Cu-O
planes, while the very weak magnetic interactions yield
ordering temperatures of 2 K or less, making these ma-
terials ideal candidates to investigate the interplay be-
tween the magnetism and superconductivity. The first
neutron experiments on ErBa;Cu3;O7 5 showed a magnet-
ic phase transition at Tn~0.6 K, which agreed with
specific-heat data.®’ The Er moments exhibited a two-
dimensional character in the a-b plane, with an ordering
wave vector of (%+,0), while there were no significant
magnetic correlations that could be detected along the ¢
axis down to the lowest temperatures that could be
achieved at that time (0.33 K). This anisotropic behav-
ior was expected since the interactions are primarily di-
polar in origin, and the spacing between Er ions is 3
times larger along the ¢ axis than in the a-b directions.
Additional measurements® at 140 mK found that the
system had 3D order at this lower temperature, with two
independent propagation wave vectors of (%,0,0)and
(4,0, ). The spin configuration in the a-b plane was
the same as we had found? at higher temperature, while
the spin configuration along the c-axis direction was rela-
tively complicated.

Measurements have also been carried out on the Dy,
Gd,'® and Nd'' systems,'? with conflicting interpreta-
tions for the results. The specific-heat results for several

9

systems,”!! for example, could be well explained on the
basis of a 2D Ising model, while 3D magnetic order with
a propagation vector of (£,+.4) was clearly observed
in the neutron experiments. Moreover, recent results on
the Gd system have yielded different spin configurations
as observed in powders'®!? and single crystals.'* The
situation has been further confused very recently by
McK. Paul et al.,'* who reported measurements on small
single crystals of ErBa;Cu3;O;. They were unable to
solve the magnetic structure, or determine the propaga-
tion vector in the a-b plane, but claimed that there was
in fact no 2D behavior in this system, contrary to our
original results.® Thus the anisotropy of the magnetic
interactions and the nature of the rare-earth ordering
were unclear.

In the present Letter we report measurements both on
our original powder sample of ErBa,Cu3;05, measured to
lower temperatures, and on high-quality single-crystal
samples. Above the 3D ordering temperature, we ob-
serve a rod of scattering along (3,0,/), which directly
demonstrates the expected strong anisotropy of the mag-
netic interactions and the concomitant 2D character of
the system. In addition, below the Néel temperature the
order parameter follows the Onsager solution for the

=1 2D Ising model, analogous to the behavior ob-
served for the prototype 2D Ising system K,CoF4. '’
Thus we believe that the physics of the rare-earth order-
ing in these materials is controlled by the 2D-like char-
acter over the entire temperature range of interest. We
find that two separate magnetic structures can occur at
low T, one characterized by a wave vector (+,0,0), and
the other by (+,0,%). Both these structures are ob-
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served in our powder, while only the (3,0, ) structure
is found in our single-crystal samples. The two struc-
tures probably occur because the dipolar energies of
these configurations are almost identical, as recently cal-
culated explicitly by Felsteiner'® for the Gd system, and
hence the energetics may be influenced by the detailed
metallurgical properties of the crystallites such as
strains, grain, twin boundaries, etc. We believe the
present data elucidate the underlying physics and resolve
the conflicts that have been reported for the rare-earth
orderings in these systems.

The neutron experiments were conducted at the
research reactor at the National Institute of Standards
and Technology. The diffraction data were taken with a
wavelength of 2.3509 A and a pyrolytic-graphite mono-
chromator and filter. Triple-axis polarized-neutron mea-
surements were also employed to unambiguously identify
the magnetic scattering.!” A helium dilution refrigerator
was used to obtain temperatures as low as 40 mK, while
a >He refrigerator with well-calibrated thermometers
was employed for the order-parameter measurements
near T). The properties of the polycrystalline sample
have been described in our earlier report.> The non-
stoichiometric solid-state reaction technique'® was em-
ployed to grow the single crystals. This technique yields
(twinned) crystals which are uniformly and fully oxy-
genated during the growth process, eliminating the re-
quirement of post-oxygen anneal to make the samples
superconducting. The measured superconducting transi-
tion temperature for the crystals used in the present
measurements was 92.8 K, with a width of less than 1 K.
Most of the neutron data were taken on a crystal which
weighed 31 mg.

Figure 1 shows two magnetic diffraction peaks, where
both ~ and / are half integral. The solid curves are a
least-squares fit with a Gaussian (resolution) peak. The
non-Gaussian shape to the experimental data indicate
that the mosaic spread of the crystal is not Gaussian,
which is of no concern other than that for quantitative
comparisons the experimentally summed integrated in-
tensities must be used rather than the integrated intensi-
ties obtained from the fitted curves. We remark that in
the present case the signal is approximately 20 times
higher than that reported by McK. Paul et al. !4

In the single crystals we have studied, we have not
found any peaks with integer /, and hence we assume
that the appropriate modulation vector for the ground-
state spin configuration is (+,0, 3 ). The spin structure
for the system is shown in Fig. 2, where + represents a
spin in one direction, and — represents a spin pointing in
the opposite direction; the specific direction in the crystal
in which the spins point may not be one of the primary
crystallographic axes, and additional data will be needed
before this direction can be uniquely determined. The
magnetic structure consists of ferromagnetic “chains” of
spins along the b direction, with adjacent chains in the
a-b plane coupled antiferromagnetically. In the next lay-
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FIG. 1. Magnetic Bragg peaks observed at low temperatures
in a single crystal of ErBa;Cu3O7. In these single crystals only
peaks with half-integer values of / are observed.

er up, the spins are antiparallel, and we believe that this
is the lowest-energy (dipolar) configuration. However,
in our powder sample, in the powder data of Chatto-
padhyay et al.,® and in the lower-quality ' single crystals
of McK. Paul et al.,'* peaks with integer / are observed.
This spin configuration corresponds to the spins in adja-
cent a-b layers being parallel, rather than antiparallel.
We remark that the dipolar energies for these two con-
figurations are almost identical, and since the dipolar in-
teraction is long range in nature the energy could be
dependent upon defects in the samples such as the densi-
ty of grain and twin boundaries. We believe that this is
the correct explanation for the distinct spin structures
which have been observed in the Gd and Er materials,
although considerable work will be needed to establish
this connection unambiguously. We remark that a simi-
lar duality of spin structures, with identical ordering
temperatures, has been observed in other planar antifer-
romagnets such as RboMnF4. 20

We now turn to the two-dimensional character of the
system. In the bottom portion of Fig. 2 we present a dia-
gram of reciprocal space, showing positions of the nu-
clear (crystal structure) and magnetic (spin structure)
Bragg peaks. If the system were 2D in character then
we would expect to see rods of scattering as shown;
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FIG. 2. (a) Spin structure and (b) scattering plane in re-
ciprocal space, where most of our measurements were taken.

above the ordering temperature this scattering originates
from critical fluctuations, while below T, it originates
from low-energy spin waves. Figure 3 shows three scans
through the rod, just above the 3D ordering temperature.
This strong rod of scattering develops for temperatures
<1 K, and at this temperature the width is solely instru-
mental 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 sig-
nificant correlations between the spins in adjacent a-b
layers, even though we are just above Tn. Thus we re-
gard the phase transition at T as 2D in character, with
the 3D ordering simply being induced as a necessary
consequence of the onset of long-range order within the
a-b planes.?' This behavior is prototypical of 2D ordered
magnets.zo

Finally, we turn to the temperature dependence of the
order parameter as shown in Fig. 4. Both specific heat®’
and inelastic neutron scattering?? reveal that the ground
state is a doublet, so that S =+ is appropriate. In addi-
tion, in an orthorhombic structure with such a low Néel
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FIG. 3. Three scans across the rod of scattering in recipro-
cal space, showing the 2D character just above 7Tn =0.618 K.
The fourth scan shows that the scattering intensity does not
vary significantly along the rod, indicating that there are no
significant spin correlations between planes. The extra intensi-
ty at Q. = 5 is due to a small amount of nuclear contamination
via A/2 neutrons.

temperature we might expect the anisotropy to be large
compared to the magnetic interactions, thus defining a
unique spin direction. This would correspond to a 2D Is-
ing model, which of course is the only one that exhibits
long-range magnetic order in 2D. The solid curve is a fit
of Onsager’s exact solution for the S =3 2D Ising mod-
el,?> and we see that excellent agreement is obtained. In
addition, if we analyze the data in the reduced tempera-
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FIG. 4. Sublattice magnetization vs temperature. The solid
curve is a fit by Onsager’s exact solution for the S =3 2D Is-
ing model.
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ture range of 1x10 3 < (Ty—T)/Ty <0.11, we obtain
B=0.1221+0.004, in excellent agreement with the exact
result 8= 4. We remark that our data are very similar
to the “prototypical” S =% 2D Ising system K,CoF4,'’
and lend additional evidence to the assertion that the or-
dering in ErBa;Cu3O5 is two dimensional in character,
with the 3D order simply being induced when the 2D or-
der sets in. However, since the dipolar interaction is long
range in nature, the Er system may belong to a different
universality class than K;CoF4, and we believe a detailed
study of the critical properties of ErBa;,Cu3;O7 is war-
ranted.
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