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Magnetic Ordering of Sm in SmzCu04
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Long-range antiferromagnetic order of the Sm ions in Sm2Cu04 is observed via neutron diffraction at
TN=5.95 K. The magnetic structure consists of ferromagnetic sheets within the a-b planes, with the
spins in alternate sheets aligned antiparallel. This spin structure and spin direction are completely
different from those observed in any other copper-oxide superconductor system. The temperature depen-
dence of the upper critical field H&2 for the superconductor Sm~ gqCeo ~sCu04 (T, =23.5 K) shows a sud-
den increase in H, & at T/T, —0.7, but this anomaly cannot be attributed to the Sm magnetic ordering.
No anomaly in H, z is observed at the T& for Sm.

PACS numbers: 74.70.Hk, 74.60.Ec, 74.70.Vy, 75.25.+z

The discovery of superconductivity in a new class of
copper-oxide systems, R2 „Ce„Cu04 (R =Nd, Pr, Sm)
[1],has attracted considerable interest since these are the
only copper-oxide systems known to date that carry elec-
trons as the charge carriers. In addition to their trans-
port properties, these materials and their parent insulat-
ing compounds R2Cu04 exhibit a variety of interesting
magnetic behavior involving both the rare earth and
copper spins [2-11]. Two members of these electron-
doped systems (Nd, Sm) [2,3] have displayed a coex-
istence of rare-earth magnetic order and superconductivi-

ty, providing an interesting situation to study the inter-

play between the two cooperative phenomena, particular-
ly since there is no clear separation between the magnetic
and superconducting subsystems. It is therefore of cen-
tral concern to elucidate the magnetic properties in these
systems and the relationship between the magnetism and
superconductivity.

Neutron diffraction, magnetic susceptibility, and spe-
cific heat measurements have been carried out previously
to investigate the magnetic properties of the R2Cu04
compounds [2-11]. The Cu spins in these materials or-
der at relatively high temperatures (-280 K) in a simple
antiferromagnetic arrangement with the Cu moments ly-

ing in the a bplane [4-9]-. The rare-earth ordering in the
Nd2Cu04 compound is particularly interesting since it is
found that the ordered Cu sublattice exhibits a substan-
tial coupling to the Nd sublattice, thereby inducing the
ordering of Nd ions [3]. As for the related Pr2Cu04
compounds, it has been suggested that a small Pr moment
is induced [6] similar to that found in NdqCu04, while
crystal-field [8] and magnetization [10] measurements
have suggested the absence of an ordered moment due to
crystal-field quenching. In this Letter we present the re-
sults from neutron diffraction on the nature of the Sm or-
dering in the Sm2Cu04 compound, and elucidate the pos-
sible relationship of this ordering to the anomalies ob-
served in the H, 2 phase boundary of the superconductor

Srn2, Ce„Cu04.
SrnzCu04 has the same basic crystal structure as

Nd2Cu04 and Pr2Cu04, which is tetragonal l4/mmm (T'
phase) with lattice parameters a =3.917 A and c =11.95

at 200 K. The neutron measurements were quite
difficult to do because of the very high neutron absorption
for Sm. To minimize these absorption effects, a thin
platelike high-quality single crystal of Sm2Cu04 weighing
66 mg was used, which is the same crystal used in our
earlier studies of the Cu ordering [9]. Its growth and

preparation techniques can be found in the literature
[9,12]. Unpolarized neutron diA'raction data were taken
with a wavelength of 2.358 A on the BT-2 and BT-6
triple-axis spectrometers with a pyrolytic graphite
(PG)(002) monochromator and a PG filter for suppress-
ing higher-order wavelength contaminations. The angu-
lar collimations used were 60' before the monochromator,
and 60'-40' before and after the sample, respectively.
The crystal was mounted in the (h, O, I) scattering plane
and enclosed in a He cryostat.

Below the Neel temperature T~ =5.95 K, a series of
magnetic Bragg peaks were observed such as the one
shown in Fig. 1 for the (1,0,1) peak. The figure illus-
trates a transverse scan of a (1,0, 1) magnetic peak ob-
tained by subtracting the data taken at a temperature
T=8 K from the data taken at T=2 K, well below the
Srn ordering temperature. The observed width is entirely
due to instrumental resolution, and indicates that long-
range antiferromagnetic order has developed. The fact
that the Miller indices are integers signify that the mag-
netic unit cell is identical to the chemical unit cell, and
the magnetic space group is l4/m'mm. The Sm spin

configuration is also shown in Fig. 1, where two unit cells
are drawn for clarity; the locations of the Cu ions are also
indicated. The Sm spin configuration consists of fer-
romagnetic sheets within the a-b planes, with the spins in

alternate sheets aligned antiparallel. This spin structure
is completely different from those observed in the related
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FlG. l. Transverse scan of the (l,O, I) magnetic Bragg peak. The solid line is a fit by the Gaussian instrumental resolution func-
tion. The magnetic scattering was obtained by subtracting data taken at 8 K from the data taken at T-2 K. The Sm spin structure
is also shown, and consists of ferromagnetic sheets within the a-b planes, with the spin direction along the c axis and spins in alternate
layers aligned antiparallel. The positions of the Cu ions, whose spins have already ordered at 280 K, are also indicated.

Nd2Cu04 and Pr2Cu04, and in fact, the ferromagnetic
sheets of rare-earth ions in the a-b planes are not found in

any other copper-oxide superconductor systems [13].
The magnetic intensity for a simple collinear magnetic

structure is given by [14]

Isr =C
2 (p.-) [f(K)] (1 —(K M) )[Fsr ~ As,

261C

where the quantity in large parenthesis is the neutron-
electron coupling constant ( —0.27&10 ' cm), (p, ) is
the thermal average of the aligned Sm magnetic moment,
f(K) is the magnetic form factor, F~ is the magnetic
structure factor, Ag is the absorption factor, K and M
are unit vectors in the direction of the reciprocal-lattice
vector K and the spin direction, respectively, and the
orientation factor (1 —(K M) ) must be calculated for
all possible domains. The absence of any (O, O, I) magnet-
ic peaks indicates that the Sm spin direction is along the c
axis, which is perpendicular to the Cu spin directions that
have already ordered at 280 K [9]. By comparing the in-
tegrated intensities of magnetic and nuclear peaks, we ob-
tain an ordered Sm moment at 2 K of (0.37~0.03)pa,
where the error bar is statistical in origin only. We re-
mark that due to the large absorption bs is strongly
wavelength dependent; we have used bs =0.17x10—l2

cm to obtain this value, but a revised value of p, may be
appropriate if a better value of bq at this wavelength be-
comes available.

Figure 2 shows the temperature dependence of the
(1,0, 1) magnetic Bragg peak intensity, and reveals a Neel
temperature of TN =5.95 ~ 0.05 K, in very good agree-
ment with specific heat and magnetic susceptibility data
[10]. Note from the equation that this intensity is pro-
portional to (p, ), where p, is the ordered (sublattice)
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FIG. 2. Temperature dependence of (1,0, 1) magnetic Bragg

peak intensity, revealing a Neel temperature T& 5.95 K. The
solid line is a guide to the eye.

moment. Since the magnetic and nuclear Bragg peaks
are coincident, the magnetic intensity data were obtained
by subtracting the nuclear scattering (270000 counts in

the figure), plus a small contribution from "background, "
from the observed intensities. The sharpness of this phase
transition indicates that there is no coupling between the
Sm and Cu spins, which is not surprising since the spin
directions are orthogonal and the magnetic structures are
different. This contrasts with the behavior observed in the
related N12Cu04 system, where the magnetic structures
and spin directions are the same, and strong coupling is
observed [3]. We remark that below 1 K the intensity of
this (1,0, 1) peak once again increases in intensity in a
continuous fashion, and the nature of this low-tem-
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ties including a nonmonotonic field dependence to the
critical current along the c axis. It will be particularly in-

teresting to determine how or if the ordering of the Sm
ions influences properties of the superconducting state
other than H, 2.
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