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Y Sr,Cu, ;Nby gOg_s prepared using a high-pressure, high-temperature process, has been studied using su-
perconducting quantum interference device magnetometry, neutron diffraction, and electron spin resonance
(ESR). This material, in which Cu is the only magnetic ion, shows two magnetic transitions below room
temperature, at 257 and 27 K. While neutron diffraction fails to find antiferromagnetic Bragg peaks, ESR
unambiguously shows that the compound is antiferromagnetic. Antiferromagnetic resonance is observed for
temperatures below to slightly above the lower ordering temperature. The magnetization data can be under-
stood as arising from ferromagnetic CuO, planes, which are coupled as (independent) antiferromagnetic
bilayers at the upper transition and then subsequently show full, three-dimensional order at the lower transition.
This lightly hole-doped material shows a small diamagnetic response, closely coincident with the lower mag-
netic transition. The difference in field-cooled and zero-field-cooled magnetization curves is attributed to
metamagnetism, arising from the weak coupling of the cuprate plane bilayers. The field-cooled magnetization
data are strikingly similar to that reported for the so-called “ferromagnetic” superconductor GdSr,Cu,RuOyg,
for which the anomalous magnetization has been attributed to Ru moment canting. The absence of any

magnetic ion other than Cu in this compound excludes that explanation.
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INTRODUCTION

The  charge-balanced  insulating  host  material
YSr,Cu,NbOg (see Fig. 1) is a homolog of the magnetic
superconductor! GdSr,Cu,RuOg which exhibits magnetism
associated with ordering of the RuO, sublattice. This is
widely believed to be due to ferromagnetism or canting of
the Ru moments, although neutron diffraction finds conven-
tional antiferromagnetism and no evidence for canting.??
Due to the very large neutron absorption cross section of
natural Gd, it is necessary to use only selected Gd isotopes in
samples in order to study the magnetism by neutron diffrac-
tion. Alternatively, the replacement of Gd with Y would en-
able neutron studies,* but unfortunately, this material does
not readily form at atmospheric pressure.

In order to isolate a possible Cu contribution to the mag-
netism and enable neutron diffraction, we replaced the mag-
netic Gd in GdSr,Cu,RuOg with Y and the magnetic Ru with
nonmagnetic Nb. The material was prepared using a high-
pressure, high-temperature (HPHT) process. By substituting
10% lower valence Cu for Nb°* in the NbO, layer, light hole
doping was used to facilitate the formation of single
phase material. The constituents, per mole of product
(0.45Nb,0s, 0.55r0,, 1.5SrCu0,, 0.6Cu metal powder and
0.5Y,0;) were thoroughly ground together using an agate
mortar and pestle in a glove box under Ar. Approximately
500 mg of the raw mixture was loaded and sealed into a gold
capsule. Samples of this material were then processed at
6 GPa and 1450 °C for 2 h in a flat-belt system, and allowed
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to cool rapidly. The pressure was slowly released. To test for
possible oxygen loss, the pellets were carefully weighed be-
fore and after processing. No significant weight change was
found, indicating that the oxygen content was preserved. No
post-processing annealing was performed.

NEUTRON DIFFRACTION STUDIES

Neutron diffraction was carried out at the University of
Missouri Research Reactor (MURR) using a position sensi-
tive detector system with a neutron wavelength of 1.4875 A
at a temperature of 16 K. This instrument collects a 20° sec-
tion of the diffraction pattern at each setting; the full diagram
is measured in five steps. Because of the unusual neutron
optics and the large area detector, the throughput of the in-
strument is high, an essential element in following the tem-
perature dependence of the magnetic scattering and espe-
cially in collecting data of sufficient statistical accuracy to
allow refinement of the low temperature magnetic structure.
Refinement of the neutron diffraction data was carried out
using the FULLPROF suite of programs.’ The neutron mea-
surements used about 1 g of sample, contained in a 3 mm
diameter V cell. The results are given in Fig. 2. The residual
of the Rietveld fit is small, and there are no indications of
any contaminant phases at roughly the 1% level. Examina-
tion of the full data at the lowest temperature showed no
evidence for an enlarged unit cell, i.e., no additional Bragg
peaks with 1/2 integer indices were observed. In addition,
partial data sets covering the low angle region were collected
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FIG. 1. (Color online) Structure of YSr,Cu,NbOg. This struc-
ture is closely similar to that of YBa,Cu;0; in which Nb has re-
placed the chain-layer Cu, and Sr has replaced Ba. The arrows
indicate the proposed magnetic structure. The magnetizations of the
ferromagnetic CuO, layers are stacked antiferromagnetically.

with 10 times greater counting time than utilized for the full
data set and subtraction of higher temperature (up to 150 K)
data from the lowest temperature data revealed no additional
scattering. On this basis we can exclude magnetic structures
in which the unit cell is doubled in the basal plane direc-
tion(s), at a level of ~0.1ug.

MAGNETIZATION

The magnetization, measured in the three configurations,
zero-field-cooled (ZFC), field-cooled, and field-cooled-
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FIG. 2. (Color online) Neutron diffraction data (red points) and
Rietveld fit (solid black line) obtained at 16 K. The residual at the
bottom (blue) is quite small with no indication of impurity phases at
the ~1% level. The “tic” marks show the positions of the nuclear
Bragg reflections. These data, taken over a 26 range of 10°-100°
show no magnetic peaks, indicating that the Cu order is not simple
antiferromagnetism.
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FIG. 3. (Color online) Magnetization as a function of tempera-
ture in three configurations ZFC, FC, and FCW. The data indicate
an antiferromagnetic transition at 7y=257 K, followed at 7.
=27 K by superconductivity, and a coincident magnetic transition
which is attributed to three-dimensional antiferromagnetic ordering
of the CuO, planes.

warming (FCW) are shown in Fig. 3. Three transitions are
indicated: The ZFC data show an antiferromagnetic transi-
tion at ~257 K=Ty, followed at ~27 K=T, by a second
antiferromagnetic transition, with a nearly coincident super-
conducting transition as indicated by the appearance of dia-
magnetism. The FC data suggest a ferromagnetic-like re-
sponse with superimposed diamagnetism for temperatures
less than 7., while the FCW data show that flux is effectively
trapped in the superconducting state. Small flux trapping per-
sists to nearly Ty. Field-dependent magnetization data are
presented in Fig. 4. These data suggest the presence of a
paramagnetic moment whose response is the dominant fea-
ture at the lowest temperatures. The black line in the figure is
the magnetization resulting from ~0.65u5 and a 10% con-
tent computed using the Brillouin function. This suggests
that the “chain-site” dopant Cu are not ordered, at least to
3 K. The temperature-dependent magnetization data are
similar in shape to that of GdSr,Cu,RuOyg, shifted to lower
temperatures. In the present case, since the material contains
no Ru, it is certain that the so-called “ferromagnetic” re-
sponse seen in the FC and FCW data is due to ordered Cu.

MAGNETIC RESONANCE

The magnetic resonance spectrometer employed for these
measurements, incorporates a TE,, resonant cavity® with the
sample mounted in the center of the cavity bottom. The rf
magnetic field (H,) in the center of the bottom is uniform in
direction, and the static field which was varied to a maxi-
mum of 1.9 T was applied in the plane of the cavity bottom,
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FIG. 4. (Color online) Magnetization as a function of applied
field for temperatures of 3, 50, 275, and 350 K. The black line is
computed using the Brillouin function and a magnetic moment of
0.65up. These data suggest that the “chain-site” dopant Cu are not
ordered. In addition, the data at higher temperatures show a para-
magnetic linear response with a superimposed low field saturation.

and could be rotated in that plane to be either parallel or
perpendicular to H,;. With this capability, the resonance data
were obtained with two rf-dc field configurations, see Figs. 5
and 6. If the system were paramagnetic, ferromagnetic, or
ferrimagnetic, resonance could only be excited with
H,. 1 Hy, while for antiferromagnetic or weakly ferromag-
netic spin configurations the selection rules are such that
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FIG. 5. (Color online) Antiferromagnetic resonance data as
functions of applied field and temperature with two rf-dc field con-
figurations. In the left panel, data with Hl|H are given. In this
configuration, the rf torque vanishes for paramagnets and ferromag-
nets, and no resonance is possible. The selection rules permit anti-
ferromagnetic resonance for this configuration.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 75, 140514(R) (2007)

1.0
0.8 YSrCuy 1Nbo g0y
z HLH,
s
g o6 20.3 GHz
=2
g
H
£ 0.2

°
o

RS

oS

FIG. 6. (Color online) In the right panel, H | H,. In this case, a
small ESR response is indicated near the sidewall mounted g=2
paramagnetic marker. This is likely the “chain-site” Cu which is
seen in the magnetization data, or else a small content of impurity
SrCuQO,. These data demonstrate that the cuprate plane Cu are an-
tiferromagnetically ordered.

resonance can be excited” both with H,. 1 H, and with
Hy.|Hy. Thus, the data of Fig. 5, combined with the magne-
tization data which are linear in H, demonstrate that the Cu
spins are ordered in an antiferromagnetic configuration. The
energy gap for the Cu spins exceeds the microwave photon
energy; as a result only the high-field part of the broad re-
sponse is seen. The breadth of the response indicates a very
short spin-spin relaxation time, ~107'%s. Similar cuprate
plane resonances have also been found in PrBa,Cu,Oyg; in
this case, the cuprate planes are believed to be insulating.®

A sample of the free-radical bearing compound dpph was
mounted on the cavity sidewall, in a position such that the rf
field was always perpendicular to the applied field. As a re-
sult, the dpph response was used to compare the data from
both configurations. In addition to the dpph signal, a para-
magnetic spin with a g factor slightly larger than 2 is de-
tected superimposed on the broad response. This could be
due to the chain layer dopant or else to an undetected content
of an impurity, which most likely would be SrCuO,.

DISCUSSION

The magnetization, neutron diffraction data, and ESR re-
sults place constraints on the character of the magnetic order
which is exhibited by the cuprate planes. Since no magnetic
peaks were found in the neutron diffraction which would
arise from simple antiferromagnetic spin configurations, e.g.,
three-dimensional antiferromagnetism with adjacent spins
oppositely aligned, a configuration which does not lead to
unit cell doubling is suggested, see Fig. 1. The data are con-
sistent with a structure in which the cuprate planes order
ferromagnetically, but nearest-neighbor pairs of planes
(across the Y planes) are stacked antiferromagnetically. At
the Néel temperature Ty=257 K, pairs of planes are thought
to be so ordered without long range coherence; the coupling
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between adjacent pairs of planes is likely so weak that the
stacking of pairs of planes is largely uncorrelated. Near 7,
correlation of pairs of planes increases and full three-
dimensional ordering occurs. As this temperature is ap-
proached from above, the antiferromagnetic magnetic reso-
nance signal intensity at 20.3 GHz gradually rises,
presumably coincident with the appearance of short-range
order of adjacent pairs of planes. Perhaps surprisingly, this is
also the onset temperature for superconductivity. The long-
range, antiferromagnetic stacking of ferromagnetic CuO,
planes will lead to an enhanced intensity of the (0,0,1)
nuclear reflection. Unfortunately, the angular scan did not go
to a sufficiently small 26 to detect this signal, but previous*
and recent’ work on YSr,RuCu,Og has shown the enhance-
ment of the (0,0,1) reflection in that homologous material.

The large magnetic response seen in the FC configuration
for T<T. is the metamagnetic response resulting from the
rotation of planes relative to each other. In the temperature
interval T.<T'<Ty, the pairs of planes are “locked” antifer-
romagnetically due to the dominance of short range ex-
change interactions. As the temperature is lowered, the
super-exchange path Cu-O-Nb-O-Cu across the SrO-NbO-
SrO layers competes with the path Cu-O-Y-O-Cu through the
CuO,-Y-CuO, layers, driving the transition at 7. to three-
dimensional antiferromagnetic order. With this competition,
application of even a small magnetic field induces rotation of
the planes relative to each other, leading to a relatively large
magnetization’ seen in the FC data of Fig. 3. No evidence for
field induced ferromagnetism is seen in the high field mag-
netization results.

Near Ty, the antiferromagnetic spin energy gap for pairs
of planes is too large for strong excitation at the frequency
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utilized in this study, however, with the competition of the
two super-exchange paths, the gap is lowered sufficiently
and broad antiferromagnetic resonances are readily observed
even for 7>T,.

GdSr,Cu,RuOy differs from the material studied here
only by the substitution of magnetic Ru for nonmagnetic Nb,
and nonmagnetic Y for Gd. The addition of superexchange
from the Ru ion, or enhancement of the superexchange by
the nonclosed Ru shell, likely raises the temperature at which
three-dimensional order occurs in the CuO, planes. If this is
the case, similar magnetic resonance should be observable
from the CuO, planes at temperatures well above the Ru
ordering temperature,'? as indeed we have observed.!! In ad-
dition, ferromagnetic-like magnetization will be observed in
FC measurements, and this magnetization will not arise from
the RuO, layer, although its antiferromagnetic ordering will
be indirectly responsible for the enhanced Cu ordering.

In conclusion, we have identified antiferromagnetic reso-
nance arising from magnetically ordered cuprate planes. In
addition, we have suggested a magnetic ordering model
which is consistent with our neutron diffraction and reso-
nance data, consisting of ferromagnetic cuprate planes
coupled antiferromagnetically. The simple antiferromagnetic
structures observed in underdoped YBa,Cu;O,_s are not
found.
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