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Observation of x-ray magnetic scattering in Nd,CuO,
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We report the observation of resonant x-ray magnetic scattering in Nd,CuO,. The experiments were
performed by tuning the incident energy to the Nd Ly, Ly;, and Ly absorption edges. The largest count
rates, up to 300 counts per second, were obtained at the L;; edge. Antiferromagnetic long-range order is
seen below T'yg =37 K. Polarization analysis confirms that the scattering is magnetic in origin and con-
sistent with a dipole excitation, suggesting that the Nd 5d bands are polarized.

In order to develop a comprehensive understanding of
the high-T. superconductors, it is useful to study the un-
doped, parent compounds to characterize the underlying
insulating state from which the superconductivity devel-
ops. Of particular interest are their magnetic properties,
and here common features are seen in La,CuO,, the pro-
genitor of the hole-doped superconductors, and Nd,CuO,
and Pr,CuQ,, the precursors of electron carrier supercon-
ductivity. The magnetic features include (1) three-
dimensional (3D) antiferromagnetic long-range order
(LRO) of the Cu**s =1 spins, which develops below a
Neéel temperature in the range T =250-325 K; (2) high-
ly anisotropic Cu?* exchange energies, with the in-plane
exchange being at least 4 orders of magnitude larger than
the out-of-plane; and (3) 2D inelastic correlations present
in the CuO, sheets above the Néel transition. The excita-
tions extend to 0.3 eV.!

There are, however, some important differences be-
tween the two classes of materials, including the presence
of the rare-earth ions in the electron superconductors.
These ions carry localized 4f moments, which can them-
selves order. In contrast, the La®" ions in La,CuO, are
nonmagnetic. In this work, we-report a study of
Nd,CuO, utilizing resonant x-ray magnetic-scattering
techniques. The main advantage of these techniques for
this problem is the possibility of separating the ordering
of the Nd moments from that of the Cu moments by tun-
ing the incident photon energy to a Nd absorption edge.
The small spot size and penetration depth of the x rays
also obviates the need for large single crystals which are
often difficult to obtain. In addition, high spatial resolu-
tion offers the possibility of examining mesoscopic length
scales. Finally, the energy resolution is inherently poor
and therefore essentially all the inelastic fluctuations are
integrated. Thus, the quasielastic approximation is exact,
even for the high-T. materials with strongly inelastic
fluctuations.

The crystal structure of Nd,CuO, is shown in Fig. 1.
The unit cell is tetragonal with room-temperature lattice
constants, a =3.941 A and ¢ =12.16 A.2 The Cu?" mo-
ments order in a 3D structure at a Néel temperature of
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Ty =255 K.%3 The magnetic structure is noncollinear,
with the Cu®" spins aligned antiferromagnetically in the
a-b plane and directed along the (100) and (010) direc-
tions in successive layers.*> On further cooling, there
are two-spin reorientation transitions.>>% At T=75 K,
all the Cu?* spins rotate by 90° about the ¢ axis and at
T =30 K they rotate back to give the original structure.
For temperatures below 7 =30 K, Matsuda et al. found
the observed intensities could be modeled by including an
ordered moment on the Nd ions.> The Nd structure is
also believed to be noncollinear’ and the low-temperature
magnetic structure of both sublattices is shown in Fig. 1.
One of the main results of the present work is the direct

-
OkQSO

O
%
O

FIG. 1. The crystal and low-temperature magnetic structure
of NdZCu(o).,. The lattice constants at room temperature are
a=3.941 A and c =12.14 A.
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observation of LRO of the Nd*>* moments, confirming
this suggestion. At still lower temperatures, there is evi-
dence of further ordering of the Nd moments, at T~3 K
and T=0.8 K.>87 12

Resonant x-ray magnetic scattering makes use of large
enhancements in the x-ray-scattering cross section which
occur on tuning the incident photon energy to an atomic
absorption edge. Briefly, the x-ray-scattering cross sec-
tion per atom may be written as'®

Fnlk k' fiw)= fSh2e(Q) + £ (k, k', i)

+if) (k, k', fiw)+ £k, k', fiw) , (1

where fch278%(Q) is the usual Thomson scattering, £ is
the part of the cross section which depends explicitly on
the electron’s spin angular momentum and f’ and f'' are
the anomalous scattering terms. k, k’, and #w are the in-
cident and outgoing wave vectors and photon energy, re-
spectively. Q=k’—k. In the vicinity of an atomic ab-
sorption edge, the resonant contributions to f’' and f"
become large and may dominate. This scattering can ac-
quire magnetic sensitivity if the particular edge chosen
involves the excitation of an electron to a magnetically
ordered shell, or alternatively to an exchange-split orbit-
al.!>»!* Under such conditions, coherent magnetic Bragg
diffraction occurs and magnetic correlation lengths and
order parameters may be probed in the usual way.’> In
addition, there is a natural element selectivity, since the
resonant contributions from a single species tend to dom-
inate. Hence, by tuning to the Nd L edges we are able to
probe the ordering of the Nd moments directly, with lit-
tle expected contribution from the Cu moments.

These experiments were performed on beamline X22C
at the National Synchrotron Light Source. The beamline
employs a toroidal focusing mirror and a double bounce
Ge(111) crystal to deliver a monochromatic beam with a
spot size of <1 mm X1 mm at the sample position. For
most of these experiments, the beam is scattered vertical-
ly onto a Ge(111) flat analyzer crystal, resulting in an en-
ergy resolution of ~5 eV. For the part of this work in-
volving polarization analysis, a flat Cu(220) crystal, with
a mosaic width of 0.044°, was used. The sample was en-
capsulated in a Be can containing He exchange gas and
mounted on the copper cold finger of a closed-cycle He
refrigerator. The base temperature of the cryostat was 3.9
K with a temperature stability of ~+0.02 K during the
course of a typical scan. Temperatures were measured
using a calibrated Si diode.

The samples were grown from a mixture of CuO and
Nd,0; which was heated to a temperature of ~1300°C
for several hours and then cooled slowly to room temper-
ature. This procedure resulted in the formation of free
standing crystal platelets of approximate thickness 0.1
mm with a surface normal along the c axis. For this
work, a crystal of size 17X4X0.1 mm® and a mosaic
width of 0.014° full width at half maximum was chosen.
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It was mounted such that Bragg peaks of type (A,h4,1) lay
in the scattering plane. As noted above, antiferromagnet-
ic order develops with a propagation vector along the di-
agonals of the CuO square lattice. Reflections of the type
(h,h,1) with h,l integers arise from charge scattering,
while (h/2,h/2,l) reflections arise from magnetic
scattering. The crystal morphology and reflection
geometry restrict the accessible region of reciprocal space
to reflections close to the (OOL) specular direction. The
(0.5,0.5,8) magnetic peak chosen for this work was the
most intense of the easily accessible magnetic reflections.

The central result of this paper is the observation of
magnetic scattering when the incident photon energy was
tuned to the Nd L edges at 7126 eV (L), 6722 eV (Ly;),
and 6208 eV (Lyy), for temperatures below T =37 K.
Significant enhancements of the magnetic scattering from
the Nd>" ions were observed. The intensities of the
charge and magnetic Bragg peaks as a function of the in-
cident energy, through the Ly; edge, are shown in Fig. 2.
These data were taken at T =4 K. The (118) charge peak
shows the characteristic dip and recovery expected from
the interference of the anomalous scattering terms in the
cross section [Fig. 2(a)]. The intensity of the (0.5,0.5,8),
however, exhibits a dramatic enhancement corresponding
to x-ray resonant exchange scattering [Fig. 2(b)]. The
maximum count rate obtained at the L edge was 300
counts per second for a storage ring current of 200 mA at
T =4 K.' The maximum occurred at 6725 eV. This is,
to within calibration errors, equal to the nominal value of
the L;; edge, 6722 eV. The line shape exhibits a slight
asymmetry, with a tail at lower energies. This sort of
feature has previously been observed in Ho, where it is
believed to arise from interference between the non-
resonant and resonant magnetic scattering.!” The data
obtained on tuning through the L; absorption edge at
T =4 K are shown in Fig. 3. In this case, the enhance-
ment of the magnetic signal was smaller, and a maximum
count rate of 3 counts/s at 6215 eV was obtained. A
smaller enhancement again was observed at the L; edge.
A count rate of ~1 count/s was realized at 7128 eV.

The relative strengths of the different resonances are
not fully understood. One-electron calculations of the
resonant enhancement in the spherical approximation
predict that the L;; and Ly resonances of Nd should be
of similar magnitude.!* These calculations assume atom-
ic wave functions for the 4f and 5d orbitals and ignore
the perturbing influence of the core hole during the exci-
tation process. For dipole transitions, the L;; resonance
couples 2p, 5 and 5d states and the Ly;; resonance cou-
ples 2p,,, to 5d states. For quadrupole excitations, the
intermediate state is an unoccupied 4f orbital. We note
that recent studies appear systematic in the relative
enhancements at the Ly; and Ly;; edges. In the heavy
rare earths (greater than half filling of the 4f shell), Tb, '8
Ho,!” Er,'® and Tm,” the Ly; edge exhibits the larger
enhancement. For the light rare earths (less than half
filling), Nd,?! and Pr,? the Ly; resonance is greater. It
remains an open question as to why this is so. Studies of
Gd (exactly half filled 4f) may be illuminating in this re-
gard. A recent study of a random Ho-Pr alloy showed
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that the Lyy; resonance is the larger for the Ho edges and
the Ly is more intense for the Pr.?? This result suggests
that the relative strengths of the resonances may not be
due to the influence of crystal fields or other solid-state
effects, since it is believed that the composition of the
Ho-Pr samples was uniform and that the crystalline envi-
ronment of the two species was similar.

In order to verify that the scattering at (0.5,0.5,8) is
indeed of magnetic origin, we have carried out polariza-
tion analysis of the charge and magnetic scattering using
an instrument described previously.?* Briefly, an
analyzer crystal is chosen such that its Bragg angle, 6 ,,
is as close as possible to 45°. If it is set to scatter in the
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(vertical) scattering plane, the horizontal, o-polarized,
component will be passed. Conversely, if it is rotated by
90° about the scattered beam, to diffract horizontally,
then the vertical, or w-polarized component is detected.
The reflection chosen in this case was the Cu(220), with
6 ,=46.27° at the Nd Ly; edge. The deviation from the
ideal value results in a negligible “leakage” from one
channel to the other.

Thomson scattering is not expected to rotate the polar-
ization of the incident photon. At the bending magnet
source, X22C, where the incident beam is 95% horizon-
tally polarized, charge scattering will produce a largely
o-polarized scattered beam. This is illustrated in Fig. 4(a)
which shows the o- and m-polarized components (open
and closed circles, respectively) obtained at the (118)
reflection. The scattering is predominately o polarized in
the ratio 300:1. This is consistent with charge scattering
with 95% incident o polarization, a Bragg angle of
205=287.83° and a small ‘“leakage.” At the (0.5,0.5,8)

Energy (keV)

FIG. 2. The Bragg peak intensities recorded as the incident
photon energy is tuned through the Nd L; edge at T =4 K. (a)
The (1,1,8) charge Bragg peak. The dip and recovery results
from interference between the anomalous scattering terms in
the cross section. (b) The (0.5,0.5,8) magnetic Bragg peak.
There is a large enhancement in the coherent Bragg scattering
from the Nd ions as the absorption edge is reached.
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FIG. 3. As Fig. 2, with the incident photon energy tuned
through the Lj; edge. The magnetic enhancement is
significantly smaller at this edge. T =4 K.
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magnetic peak the situation is reversed, as shown in Fig.
4(b). These data were taken with an incident photon en-
ergy of 6725 eV. Here the m component dominates the
scattered beam, i.e., the scattering has rotated the in-
cident polarization. This is characteristic of magnetic
scattering, and together with the energy dependence of
Fig. 2, establishes that the (0.5,0.5,8) Bragg peak is mag-
netic. The possibility that it is a superlattice peak arising
from a structural phase transition, such as occurs in
La,CuO, (Ref. 24) is thus ruled out. Polarization analysis
was not attempted at either the L or L edges.
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FIG. 4. Polarization analysis at the charge and magnetic
Bragg peaks at T=4 K. The closed circles represent o—o
scattering, that is scattering which leaves the incident polariza-
tion unchanged. The open circles are o — 7 scattering, that is
scattering for which the polarization of the scattered beam has
been rotated by 90° with respect to the incident. (a) The charge
peak (1,1,8). (b) The magnetic peak (0.5,0.5,8). The charge
scattering is predominately o — o and the magnetic scattering is
predominately o — .
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The polarization dependence of the resonant cross sec-
tion may be calculated'>!> for both dipole and quadru-
pole excitations at each L edge. For peaks of the type
(h/2,h /2,1) and the spin structure of Fig. 1, dipole exci-
tations give no o — o scattering. The scattering expected
is almost entirely o—#. For quadrupole scattering,
however, the o— o channel is no longer forbidden. The
fact that the o channel is zero to within our limits of
detection (counting for 220 s on a background of 0.2
counts per second), leads us to conclude that the scatter-
ing observed at the Ly; edge results from dipole transi-
tions. This is consistent with previous work on Ho, for
which the dipole scattering was a factor of 5 larger than
the quadrupole.””?® [In the earlier work, it was also
found that the quadrupole excitation occurred at a slight-
ly lower energy (=3 eV).] If the scattering is dipole, then
there must be a net polarization of the Nd 5d bands in
addition to that of the 4f moments. Such a polarization
mediates an indirect exchange interaction among the Nd
moments. This Nd**-Nd** interaction will give rise to
spontaneous ordering of the Nd spin system, at some
sufficiently low temperature Ty\4ng- In the presence of
the Cu ordering field, this transition is smeared and is sig-
naled by a rapid increase in the Nd ordered moment at
T'ng.ng- Such an increase and other evidence of spon-
taneous ordering has been seen around 7 =<3 K (Refs. 3
and 8-12) and in our own data, as we discuss shortly. In
addition, the polarization of the Nd d bands mediates the
Nd**-Cu?* indirect exchange interaction.

In Fig. 5, we present scans through the (0.5,0.5,8) mag-
netic Bragg peak at T'=4 K. These data were taken with
a flat Ge(111) analyzer. The solid lines represent fits to
Lorentzian squared functions, which were used to con-
veniently parametrize the data. Unfortunately, it was not
possible to deconvolve the experimental resolution from
the data because of a lack of detailed knowledge of the
resolution function at the momentum transfer of the
magnetic peak, ¢ =4.291 A~!. This problem is exacer-
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FIG. 5. Representative scans through the magnetic Bragg
peak (0.5,0.5,8) at T =4 K. (a) In-plane scan. (b) Scan along the
c axis. Solid lines are fits to Lorentzian squared line shapes.



bated because the spectrometer is far from the nondisper-
sive condition, g =1.924 AL Nevertheless, we are able
to make statements concerning lower bounds for the
correlation lengths, by assuming a §-function resolution.
With such a _ conservative assumption, we find
£,2=2300£100 A and &, =75001+400 A, where £,, is the
in-plane correlation length along the diagonals of the
CuO sheet and £, is the out-of-plane correlation length,
along the c axis. In fact, the (0.5,0.5,8) magnetic Bragg
peak was found to be narrower than the (118) charge
Bragg peak. We conclude that it is resolution limited and
that the Nd moments are aligned antiferromagnetically in
a long-range ordered state.

The magnetic peak intensity is plotted as a function of
temperature in Fig. 6. The data were taken on warming
from the base temperature, avoiding the hysteresis effects
discussed in Ref. 3. The intensity is seen initially to fall
rapidly, up to T~10 K. Above T'=10 K, the intensity
continues to decrease, although more slowly, and as
shown in the inset to Fig. 6, it passed below the level of
detectability at Tyq =37+2 K. The large error bars arise
from a sensor calibration error discovered subsequent to
the completion of the experiment. The width of the mag-
netic peak is constant for all temperatures, that is, the Nd
LRO is retained at least up to T =37 K.

The origin of the Nd ordered moment lies in the
Nd**-Cu?* exchange coupling. Although this is zero for
nearest-neighbor interactions because of the antiferro-
magnetic order and the tetragonal symmetry, it is appre-
ciable for next-nearest-neighbor Nd**-Cu?* spins. In a
mean-field picture,3 the size of the induced Nd moment
will be proportional to the ordered Cu moment times the
interaction strength. The constant of proportionality is
just the single-ion paramagnetic susceptibility of the
Nd** ion within the a-b plane. In this picture, there is an
ordered Nd*" moment for all temperatures below
Ty=255 K. However, the size of that moment is con-
trolled by the susceptibility which only becomes appre-
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FIG. 6. Magnetic peak intensity as a function of tempera-
ture. The inset shows the intensity reaching zero at Tyg =37 K.
The solid line is a guide to the eye.
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ciable around 7=30 K.!? This explains the disappear-
ance of the signal at Tyy =37 K and is in agreement with
the interpretation of the neutron-scattering data.>>%® In
Ref. 3, Ty is identified with the second spin reorienta-
tion transition, thus suggesting that the origin of these
transitions lies in the competing Nd3*-Cu?* and Cu?*-
Cu?* interactions. It is not possible from our current
data set to comment on this possibility.

The steep rise in scattered intensity at low tempera-
tures represents a rapid increase in the Nd ordered mo-
ment. It seems likely that this is the signature of the ap-
proaching Nd ordering transition at T<3 K. As dis-
cussed above, this is the temperature at which the Nd3*-
Nd*? interactions alone would be sufficient to give rise to
LRO of the Nd moments. This transition has been found
to be broad in the pure material and sharp, with Ty =1.5
K, in a Ce-doped superconducting sample.?

In summary, we have observed LRO of the Nd mo-
ments in Nd,CuO, with resonant x-ray magnetic scatter-
ing. The largest enhancement was obtained at the Ly;
edge. The polarization dependence of the magnetic
scattering is consistent with a dipole excitation into a po-
larized 5d conduction band state. While symmetry argu-
ments require the Nd moments to order for all tempera-
tures below the 3D ordering temperature of the Cu spins,
Ty=255 K, the ordered Nd moment only becomes
measurable at Ty =37 K. At low temperatures the or-
dered moment is seen to rise rapidly. These results
confirm earlier interpretations of neutron-scattering
data.? The significance of this work, however, lies in the
successful application of x-ray magnetic scattering to the
high-T¢ problem. While these measurements are sensi-
tive to the Nd moments, which are presumed to partici-
pate in the magnetism only parasitically, the availability
of high-quality crystals and third generation synchrotron
sources suggests that it will be possible to observe the Cu
moments directly in the near future. Such experiments
will exploit the relatively poor energy resolution of the x-
ray-scattering technique to measure the energy integrated
response, i.e., the instantaneous spin-spin correlation
function. More immediately, studies of doped, supercon-
ducting samples, would elucidate the behavior of the Nd
moments in the superconducting state. Preliminary ex-
periments on 15% Ce-doped samples, both annealed and
as-grown, showed no evidence of x-ray magnetic scatter-
ing. However, these samples exhibited significantly
larger mosaic widths than those in the present work. Fu-
ture work on higher-quality samples is planned.
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