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Abstract. Resonant magnetic X-ray scattering was employed to investigate the magnetic state of epitaxial
a∗ oriented thin films of the heavy fermion superconductor UNi2Al3. The observed incommensurate prop-
agation vector as well as the Neél temperature correspond to those of bulk samples. The 1200 Å film shows
magnetic order with a correlation length >800 Å parallel to the growth axis. Out of the three possible
magnetic domains the one with the moment direction perpendicular to the film surface is not realized.

PACS. 74.70.Tx Heavy-fermion superconductors – 75.25.+z Spin arrangements in magnetically ordered
materials (including neutron and spin-polarized electron studies, synchrotron-source X-ray scattering, etc.)
– 74.78.Db Low-Tc films

The heavy fermion superconductors UPd2Al3 (Tsc = 2 K)
[1] and UNi2Al3 (Tsc = 1 K) [2] both exhibit the coex-
istence of superconductivity and magnetic order at low
temperatures. However, they display important differences
key to the understanding of the interplay between mag-
netism and superconductivity, an area of active debate in
condensed matter physics. Whereas for UPd2Al3 there is
evidence for a magnetic Cooper-pairing interaction [3–5],
the mechanism of superconductivity in UNi2Al3 remains
open.

Although UNi2Al3 is isostructural (hexagonal,
P6mmm) with UPd2Al3, its magnetic and supercon-
ducting properties are quite different. In UPd2Al3
commensurate magnetic order described with a prop-
agation vector QUPA = (0, 0, 1/2) is observed below
TN = 14 K. The ordered moments are about 0.85µB at
low T and lie parallel to a [6]. In UNi2Al3 the magnetic
ordering temperature is lower, TN = 5 K, the moment
smaller, µ � 0.2µB, and the magnetic structure as
determined in bulk single crystals has an incommensurate
propagation vector QUNA = (±1/2 ± 0.11, 0, 1/2) [7,8].
This magnetization density wave is amplitude modulated
with the magnetic moments parallel to a∗ [9]. Intrigu-
ingly the superconducting properties also appear to be
different: in contrast with UPd2Al3 there are indications
for a superconducting spin triplet state in UNi2Al3 [10].
Thus a different unconventional superconducting pairing
mechanism may be realized in this compound and the
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magnetic properties of these samples are crucial to an
understanding of the origin of superconductivity.

Recently we have been able to prepare superconduct-
ing epitaxial thin films of UNi2Al3 which grow with the
a∗-axis perpendicular to the substrate surface and the b-
and c-axes within the film plane [11]. For the present ex-
periments we used a film of 1200 Å thickness grown by
molecular beam epitaxy. On account of the small sample
volume, X-ray resonant magnetic scattering is the exper-
imental method of choice to investigate the temperature
dependence of the microscopic magnetic properties. The
resonant cross section exploits the sensitivity to the mag-
netic polarization of the electric dipole excitation of an in-
ner shell electron into magnetically polarized intermediate
states [12]. The experiments were performed on the XMaS-
CRG beamline (BM28) at the European Synchrotron Ra-
diation Facility (ESRF) with the photon energy tuned to
the uranium M4 absorption edge (E � 3.73 keV) in σ-π
geometry [13].

At low temperatures magnetic scattering has been ob-
served at (2, 0.39, 1/2) (see inset of Fig. 1) and with re-
duced intensity at (1, 1.39, 1/2) proving that there is spa-
tial magnetic order in the studied film at least on the
resonant probe time scale (10−15–10−14 s). The observed
position corresponds to the propagation vector reported
of the bulk. On the other hand we did not observe any
magnetic scattering peaks at the (1/2 ± 0.11, 0, 1/2) and
(1.39, 0, 1/2) positions. A magnetic peak will be extinct
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Fig. 1. Temperature dependence of the integrated scattering
intensity of ω-scans (see inset) of the magnetic Bragg-peak
Qm = (2, 0.39, 1/2).

when there is no projection of the magnetic moment on
the scattered vector at the selected position [13]. How-
ever, given the off specular geometry, this condition is not
met by all magnetic peaks on the form (h, 0, 1/2) simul-
taneously. Thus an alternative explanation is proposed:
Within the hexagonal plane of UNi2Al3 there are three
equivalent crystallographic directions resulting in the for-
mation of three magnetic domains. Since each of these
domains is associated with a different magnetic ordering
wave vector, (±1/2±0.11, 0, 1/2), (0,±1/2±0.11, 1/2) and
(±1/2 ± 0.11, ∓1/2 ∓ 0.11, 1/2), at any given magnetic
Bragg position scattering arises from only one magnetic
domain. Thus the lack of (h, 0, 1/2) intensity can be ex-
plained by the absence of magnetic domains with moment
direction perpendicular to the film surface. In these exper-
iments we observed magnetic scattering from the second
domain only, in which the moment direction is rotated by
60o with respect to the film normal. The third domain was
not accessible with our goniometer geometry.

The temperature dependence of the integrated inten-
sity of the magnetic Bragg peak (2, 0.39, 1/2) is shown in
Figure 1. The UNi2Al3 1200 Å film orders magnetically
below TN = (4.7 ± 0.2) K, the same temperature where
the resistivity curve R(T ) shows a kink and increases the
magnitude of its slope with decreasing temperature [11].

In general, from the width of Bragg reflections infor-
mation about the correlation lengths of the sample can be
obtained (the longitudinal coherence length of the incident
photon is >1 µm). Assuming a constant X-ray intensity
in the scattering volume, the scattered amplitude of a fi-
nite lattice is proportional to the Fourier transform of a
product of three spatial functions given by the lattice peri-
odicity, the atomic group of the unit cell and the exterior
shape of the crystal. The exterior shape is described by
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Fig. 2. ω-scans of the specular (H , 0, 0), H = 1, 2, 3, 4 peaks
of a 1200 Å UNi2Al3 thin film. The ω axis of the higher order
peaks are shifted to display the scans on top of each other.
(measured with a standard 2-circle diffractometer, Cu-anode).
Right inset: Schematic representation of the peak broadening
due to mosaic spread. Left inset: Schematic representation of
the peak broadening due to a finite correlation length within
the film plane.

the form function σ(x) which is equal to unity inside the
sample volume and zero outside with the Fourier trans-
form Σ(s). The corresponding reciprocal space is given by
the set of functions Σ(s) repeated around each node of
the reciprocal lattice extending to infinity [14]. Thus the
broadening of the reciprocal lattice points ∆qi due to cor-
relation length �i or finite size effects in a given direction
can by estimated by ∆qi � 2π/�i. However, the basic as-
sumption that the X-ray intensity is constant within the
sample volume is inconsistent with the resonant nature of
the scattering process which results in an intensity fall off
within the thin film [15]. This reduces the effective scat-
tering volume and alters the relevance of ∆qi � 2π/�i to
a lower bound of the correlation length.

A sometimes dominant contribution to the peak width
is obtained from crystal mosaic spread. In epitaxial thin
films with island growth mode mosaic spread arising from
a distribution of tilting angles ωm of the crystallite axes
perpendicular to the substrate is a common feature. This
generates spherical-shell segments in reciprocal space cen-
tered at the origin of the specular reciprocal lattice vector
with dimensions depending on the scattering order (see
right inset of Fig. 2).

On the other hand correlation length effects due to
atomic disorder or finite size effects generate a broaden-
ing which is the same for all points in reciprocal space (see
left inset of Fig. 2). Thus rocking curves (ω-scans) of spec-
ular Bragg reflections of increasing order have the same
ω-width if the broadening is dominated by the mosaic
spread and a decreasing width if the broadening is due
to correlation length effects. In Figure 2 rocking curves
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Fig. 3. Scan parallel to the a∗-axis around the magnetic Bragg
position Qm = (2, 0.39, 1/2) of UNi2Al3 (T = 2 K). Inset:
Schematic representation of the influence of mosaicity and fi-
nite correlation length on the peak broadening in reciprocal
space (see text).

of the (H , 0, 0) peaks (H = 1, 2, 3, 4) are shown. For
H > 2 no dependence of the curve width on H is observ-
able, the (1, 0, 0) curve is only slightly broader than the
other curves. Thus the broadening of the structural recip-
rocal space points is dominantly due to the crystal mosaic
with the angular full width at half height of ωm � 0.42o .

Once the effects of the crystal mosaic structure have
been taken into account, the width of the magnetic re-
flections can be discussed in the framework of the mag-
netic correlation length. The magnetic scattering vectors
of the UNi2Al3 thin films are off-specular with an an-
gle ϕ between the film normal (1, 0, 0) and the scat-
tering vector Q. For the magnetic peak Qm =(2, 0.39,
0.5) we obtain φ = 16.6o. Thus for an h-scan of Qm

the measured h-width ∆hQm is similar to the pure cor-
relation length broadening (rlu: reciprocal lattice units):
∆h′

Qm
= ∆hQm · cosφ = (0.0062 ± 0.0005)rlu·0.96 =

(0.0059± 0.0005)rlu (see Fig. 3).
From this a magnetic correlation length of �m,h =

(|a | cos 30o)/∆h′
Qm

> (760 ± 60)Å is calculated. Thus
the UNi2Al3 thin films show magnetic order in the a∗-
direction (the direction of the surface normal) with a cor-
relation length which exceeds the lower limit (400 Å, [7])
estimated for bulk single crystals. At the same wavelength
the structural peak Qs = (2, 0, 1) has a similar correlation
length �s,h > (800 ± 15) Å.

Given the film thickness of d = (1200±50) Å as deter-
mined from rate monitors during the growth process these
lower bounds suggest a magnetic and structural correla-
tion which extends over the complete film thickness.

For the determination of the magnetic in plane corre-
lation lengths of the epitaxial thin film scans of Qs and

Qm along the c axis (l-scan) and a axis were performed.
However, the peaks are strongly broadened in these direc-
tions due to the mosaic spread (broadening for the l-scan:
∆lQ, see inset of Fig. 3). The measured widths are con-
sistent with this mosaicity and no additional broadening
is necessary to describe the data within the error of our
experiment. Only a lower bound for the magnetic correla-
tion length, independent of the direction in the film plane,
of �m,in−plane > 500 Å can be given.

Concluding, epitaxial thin films of UNi2Al3 exhibit the
same type of incommensurable antiferromagnetic order as
bulk samples. The magnetic correlation length � > 800 Å
estimated from resonant magnetic X-ray scattering ex-
ceeds the lower boundary obtained from neutron scat-
tering experiments on bulk samples. The formation of a
magnetic domain with a moment direction perpendicular
to the film surface seems to be energetically unfavorable,
possibly since it would imply an uncompensated magnetic
moment.
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