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Abstract
Bulk Sm1−x Gdx Al2 (0.01 < x < 0.035) compound exhibits an exciting magnetic property:
its magnetization drops to zero at a compensation temperature Tcomp while it maintains
a long range ferromagnetic order. We achieved recently the first epitaxial growth of
(111)Sm1−x Gdx Al2 films by molecular beam epitaxy. Macroscopic magnetization
measurements confirmed the existence of a magnetic compensated state, occurring at a
temperature that depends on the concentration of Gd. Specific features observed in the
Sm1−xGdx Al2 films are a strong [111] perpendicular anisotropy and a very large coercivity.
X-ray magnetic circular dichroism at Sm and Gd L2,3 edges allows us to directly evidence the
existence of a long range magnetic polarization of the Sm and Gd sublattices at Tcomp, and a
parallel coupling between the total magnetic moment of Sm3+ and Gd3+. Moreover, it is
possible to tailor the magnetic behavior at Tcomp by changing the thermo-magnetic treatment.

1. Introduction

The ferromagnetic Sm intermetallic compound SmAl2 has
attracted much attention because of the unique magnetic
properties of the Sm3+ ion [1]. As an element of the
first half of the rare earth series, Sm 4f spin and orbital
moments are antiparallel coupled by the spin–orbit interaction.
Moreover, their close magnitudes give rise to a very small
net 4f magnetic moment dominated at every temperature by
the orbital component. As a result, the contributions from
conduction electrons and doping ions to the net magnetic
moment become important. Adachi et al [2] created a
compensated system by substituting Sm with Gd to form
Sm1−xGdx Al2. These compounds present a compensation
temperature Tcomp at which a long range ferromagnetic order
persists while the net magnetization is zero [2]. This
temperature depends on the Gd concentration. At Tcomp, the
total spin and orbital moments, including the contributions
from Gd ions and conduction electrons, canceled out. Gd3+
ions with a half-filled 4f orbital present only a spin contribution
to the magnetic moment (the orbital moment being zero),

leading to the canceling at Tcomp of the Sm3+ orbital
magnetic moment excess. The existence of ferromagnetic
order at Tcomp was proven on bulk Sm1−x Gdx Al2 through
several experiments [3–5]. In particular, magnetic Compton
scattering [4] proved the existence of ferromagnetic ordering of
the conduction electron spin at Tcomp; x-ray magnetic circular
dichroism (XMCD) at the Sm3+ and Gd3+ M4,5 edges [5]
attested to long range order of the 4f spin and orbital moments.

These zero-moment ferromagnets are of considerable
interest in the field of devices processing the spin of charged
particles, for example in spin-polarized STM and spintronics
devices, as pointed out by Qiao et al [6]. They present the
advantage that they do not generate any disturbing magnetic
field, and are not sensitive to an external field. Therefore, the
next step is the elaboration of Sm1−x GdxAl2 epitaxial films and
the study of their magnetic properties.

This paper reports on the first results obtained for single
crystalline (111)Sm1−xGdx Al2 films. Section 2 is devoted to
film fabrication using molecular beam epitaxy and to structural
characterization. The anisotropy, coercivity and compensation
state in (111)Sm1−x Gdx Al2 films are presented in section 3,
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Figure 1. RHEED patterns collected at 510 ◦C along Nb [001] and Nb [11̄0] azimuth directions, and along [11̄0]Sm0.9Gd0.1Al2 and
[112̄]Sm0.9Gd0.1Al2 azimuth directions.

in comparison with pure SmAl2 films without Gd substitution.
In section 4, XMCD is shown to be a powerful technique to
probe the Sm and Gd spin moment and to give a proof for the
ferromagnetic order at compensation in the films, despite the
zero magnetization.

2. Sm1−xGdxAl2 film fabrication and structural
characterization

SmAl2 belongs to the group of cubic Laves phases (Fd 3̄m)
with a lattice constant of 7.943 Å at room temperature [7].
The samples were prepared by molecular beam epitaxy. Using
our knowledge of the epitaxy of Laves phases [8], the growth
of single crystal Sm1−xGdx Al2 films was achieved by co-
deposition of samarium, gadolinium and aluminum atoms on a
(110) niobium buffer, covering a (112̄0) sapphire substrate [9].
The deposition rates were measured by an optical sensor when
the material is evaporated from electron guns (Al and Gd) and
by a quartz microbalance, previously calibrated at the substrate
position, when the material is evaporated from an effusion cell
(Sm). Before the deposition, the Sm, Gd and Al beam fluxes
are calibrated to get the target stoichiometry at the substrate
position (the Gd concentration x varies between 0.01 and 0.23).
The films were grown at 510 ◦C in order to have a (111)
growth [9]. The deposition rate is 3.6 nm min−1 for the Laves
phase compounds. The thickness of the films considered in this
study varies between 88 and 880 nm. The samples were finally
coated with a 50 nm thick Nb layer to prevent oxidation.

Figure 1 presents the RHEED patterns collected along the
main azimuths of the 80 nm Nb buffer layer ((a) and (b))
and along the corresponding azimuths for the Sm0.9Gd0.1Al2

deposit ((c) and (d)). For this deposition temperature, the
relative orientation between the (110)Nb buffer and the (111)
film is of Nishiyama–Wassermann type, with the Nb buffer

and Sm0.9Gd0.1Al2 film dense directions parallel to each other.
The in-plane epitaxial relationships are [112̄]Sm0.9Gd0.1Al2 ‖
[11̄0]Nb and [11̄0]Sm0.9Gd0.1Al2 ‖ [001]Nb. The matching
observed for these relative orientations (11Nb:7Sm1−x Gdx Al2
along [001]Nb and 3Nb:2Sm1−x Gdx Al2 along [11̄0] Nb) result
in a −2.2% mismatch along the [001]Nb direction, and a
−4.3% mismatch along the [11̄0] Nb direction [9].

The determination of the Gd content is difficult when
using classical techniques in the range 0%–3.5% (for example,
the errors are ±2% when using microprobe analysis). Thus, the
Gd content is obtained from the value of the low temperature
magnetization in a 7 T field.

X-ray diffraction analyses attest to the high crystalline
quality of the films with a coherence length ranging between 45
and 55 ± 0.5 nm along the growth direction, and a mosaicity
between 0.35◦ and 0.5◦.

A cross-sectional transmission electron micrograph is
presented in figure 2(a) for an x = 0 sample. The sample
is studied along the [112̄] zone axis. The image confirms
the high structural quality of the film. However, it shows
the appearance of an interface phase of about 0.5 nm thick at
the interface between Nb and SmAl2 and the presence of an
antiphase boundary (APB). This structural defect corresponds
to a stacking fault between two parts of a single crystal. It
may come from the growth of two different (111) planes on
two areas of the substrate that results in the appearance of such
APBs when the regions coalesce. The stacking defect is clearly
visible on the Fourier filtered image presented in figure 2(b).

3. Anisotropy, coercivity and compensation state

The magnetic behavior in the epitaxial films has been
investigated by magnetization measurements, using a Quantum
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Figure 2. (a) HRTEM micrograph of a 690 nm thick (111)SmAl2 film deposited on a (110)Nb buffer; (b) filtered and magnified image.

Figure 3. Hysteresis loops measured at 12 K for a 880 nm thick
Sm0.987Gd0.013Al2 film with the field applied in the growth plane
(open squares) and perpendicular to the growth plane (filled squares).
The sample has been cooled under a 7 T magnetic field (Hfc = 7 T).

Design SQUID magnetometer. The diamagnetic contribution
of the substrate has been systematically subtracted.

First, we should underline that the films exhibit a strong
perpendicular anisotropy, as shown in figure 3 for a 880 nm
thick film with a Gd content around 1.3%. The hysteresis
loop measured at 12 K with the applied field parallel to
the [111] growth direction is almost square, while the loops
measured with the field applied along in-plane directions are
characteristic of a magnetic hard direction. Consequently, at
12 K, the film presents an uniaxial anisotropy with an easy
direction perpendicular to the growth plane. Such a uniaxial
anisotropy is maintained when increasing temperature.

The [111] growth direction corresponds to one of the bulk
〈111〉 easy magnetization axes [10]; however, complementary
experiments performed for another growth direction or another
substrate have shown that the perpendicular magnetization
in the films is not related to the bulk anisotropy but to the
compressive strains along the growth direction [11, 12]. The
lattice strain induces an enhancement of the magnetoelastic
contribution to the total energy. When both the strain along
the growth direction and the magnetoelastic constant b2 are

Figure 4. Temperature dependence of the coercive field for the
880 nm thick Sm0.987Gd0.013Al2 film (circles) and for the pure SmAl2

film (squares). Inset: coercive field as a function of Gd content x at
12 K (squares), at 60 K (triangles) and at 80 K (circles) and for bulk
compound at 12 K (stars). The lines are guides to the eyes.

negative (as in SmFe2, ErFe2 [12] and SmAl2 [11]), the
magnetization direction shifts along the growth direction.

When changing the Gd content from 0% to 8.5%,
the easy direction remains perpendicular. However, for
larger Gd concentrations, the in-plane direction becomes less
hard because of (i) the increase of the demagnetizing field
contribution (due to the increase of the total net magnetic
moment) and (ii) the small value of b2 of Gd (correlated to
the lack of orbital moment in Gd ions).

Finally, the direction of the magnetic anisotropy does not
depend on the film thickness when it varies from 88 to 880 nm.

Another remarkable point is the very high coercive field
measured in the perpendicular direction, reaching 6.2 T at 12 K
in this 880 nm film. The observed positive vertical shift of the
hysteresis loop is explained by the high coercive field which

3



J. Phys.: Condens. Matter 20 (2008) 265001 A Avisou et al

Figure 5. (a) Magnetization versus temperature measured in increasing temperature under zero magnetic field after a 7 T field cooling process
for the 880 nm thick Sm0.987Gd0.013Al2 film (the inset shows the whole temperature range). (b) XMCD signal at the Sm and Gd L3 edge for
the 880 nm thick Sm0.987Gd0.013Al2 film. X-ray energies are respectively 6.705 and 7.246 keV. The L3Gd signal has been multiplied by 6. (c)
XMCD signal at the Sm L2 edge for the 880 nm thick Sm0.987Gd0.013Al2 film. X-ray energy is 7.315 keV. The L2Sm signal has been multiplied
by −1.

makes the complete magnetization reversal impossible. Such
a high coercivity can be related to the occurrence of antiphase
boundaries (section 2). As shown in [13], the coercivity value
increases with the density of antiphase boundaries, which play
an important role as pinning centers of the domain walls.

When increasing temperature, the coercivity tends to
decrease but it exhibits a pronounced anomaly that is absent for
the pure SmAl2 films (figure 4). The divergence of the coercive

field is related to the thermal dependence of magnetization,
presented in figure 5(a) for the same film. The measurements
have been performed in increasing temperature under zero
external field, after a +7 T field cooling process from 300
to 10 K. The substitution of 1.3% of Sm atoms by Gd atoms
does not modify the ordering temperature, close to 127 K.
However, it induces a slight reduction of the magnetic moment
over the entire temperature range and the occurrence of a
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compensation temperature (108 K), where the magnetization
drops to zero (figure 5(a)). The divergence of the coercive
field at 108 K in the Gd-substituted film (figure 4) is related
to this compensated state: in this temperature range where the
magnetic moment becomes considerably small, the Zeeman
contribution also becomes small. The magnetic field required
for the magnetization reversal thus increases significantly
and tends towards infinity for zero magnetization. Finally,
it is noticeable that the magnetization changes sign at the
compensation point and is negative above 108 K (figure 5(a)):
this result will be explained in section 4.

The value of the coercive field at 12 K depends on the
Gd content (figure 4: inset). It increases with Gd content for
x smaller than approximately 3% and decreases for x larger
than 4%. For intermediate values of x , it is larger than 7 T,
the maximum field available in our set-up. This high value is
again correlated to the compensation state that occurs at low
temperature for x = 3.5%.

Moreover, the value of the coercive field depends on the
film thickness. It increases when the thickness decreases: for
thicknesses smaller than 300 nm, the coercive field exceeds 7 T.
A detailed study of the antiphase boundary evolution with the
film thickness should explain this behavior.

A systematic study of several films with different
Gd contents has shown that the compensation temperature
decreases when the Gd content increases: it is reduced to 81 K
for 2.3% and to 50 K for 3.2% (figure 6). A similar behavior
has been observed in bulk compounds [2, 3, 5, 14, 15].

4. Ferromagnetic order at the compensation point

In this paragraph, we focus on the 880 nm thick
(111)Sm0.987Gd0.013Al2 film. In order to investigate the
magnetic state of the Sm and Gd at the compensation
point, we have performed x-ray magnetic circular dichroism
measurements at the L2,3 edges of these atoms. XMCD
experiments were carried out at the ID12 beam line of the
European Synchrotron Radiation Facility (ESRF) in Grenoble
(France) [16]. The sample was mounted on a cold finger
of a constant-flow helium cryostat, which was inserted in a
bore of a 6 T superconducting magnet. The magnetic field
was applied along the [111] easy magnetization direction of
the sample and set parallel to the incident x-ray beam. The
XMCD spectra were obtained as a direct difference of x-ray
absorption spectra recorded at Sm and Gd L2,3 edges, in total
fluorescence detection mode, with left and right circularly
polarized x-rays. This approach keeps the direction of the
magnetic field fixed and therefore allows one to measure
element selective hysteresis loops and/or magnetization as
a function of temperature. Both kinds of measurements
are performed at a fixed energy, which corresponds to the
maximum of the XMCD signal at the absorption edge of a
given atom.

Typical XMCD spectra collected at the L2,3 edges of Sm
and Gd at 20 K are presented in figure 7. The dichroic signal
at the Sm L3 edge presents two features that could be assigned
to dipolar (2p → 5d) transitions and quadrupolar (2p → 4f)
transitions; the latter peak is located at −6 eV. The XMCD

Figure 6. Compensation temperature versus the composition x for
265 nm thick (open circles) and 880 nm thick (open squares)
Sm1−x Gdx Al2 films.

signal at the Sm L2 edge exhibits only a single dispersive shape
feature which could be assigned to dipolar transitions. On the
other hand, the XMCD signals at the L2,3 edges of Gd are
fully dominated by dipolar contributions and we do not observe
any feature that could be assigned to quadrupolar transitions.
The signal-to-noise ratio is rather poor in the XMCD spectra
recorded at the Gd L edges: this is due to the small amount of
Gd in the sample and to the fact that the Gd absorption signal
is superposed with a strong Sm signal. The shape of all the
above XMCD spectra does not change with temperature (from
the ordering temperature down to 20 K).

The XMCD spectra at L2,3 edges are related via the sum
rules derived by Carra et al [17] to the sign and magnitude
of the spin and orbital moments of the probed band. In the
case of rare earth elements the applicability of these sum rules
is questionable because of (i) the presence of a quadrupolar
transitions and (ii) the exchange interaction between the 4f
electrons and the 5d spin-up and spin-down subbands [18].
Nevertheless, we can try to correlate the sign of the dichroic
spectra to the 5d spin orientation, assuming that the orbital
moment is much smaller. As shown by several experiments [7],
for rare earths of the first half of the series a positive XMCD
signal at the L2 (respectively L3) edge characterizes a parallel
(antiparallel) coupling between 5d spin and applied field.
For rare earths of the second half of the series, a positive
XMCD signal at the L2 (respectively L3) edge characterizes
an antiparallel (parallel) coupling between 5d spin and applied
field.

Figures 5(b) and (c) present the variation with temperature
of the XMCD signal measured at the Sm and Gd L3 edges and
at the Sm L2 edge. The Gd signal has been multiplied by a
factor of 6. The Sm signal at the L2 edge has been multiplied by
−1 because of the intrinsic opposite signs for signals measured
at the L3 and L2 edges of rare earth metal. The data are
collected in increasing temperature under zero magnetic field
after a 6 T field cooling process. The results are compared with
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Figure 7. Normalized x-ray magnetic circular dichroic signal measured at 20 K and under 6 T at the Sm L3 edge (a) and L2 edge (b) and at the
Gd L3 edge (c) and L2 edge (d) for the 880 nm thick Sm0.987Gd0.013Al2 film. The signals are expressed as percentages of the jump at the edge.

the macroscopic magnetization curve (figure 5(a)). A number
of conclusions can be drawn from these experiments.

(i) The Sm and Gd 5d spin moments are parallel to each other
and exhibit very similar temperature variations.

(ii) The Sm and Gd 5d spin moments are antiparallel to the
direction of applied field at 12 K.

(iii) The Sm and Gd 5d spin moments are obviously different
from zero at the compensation temperature, a temperature
where the total magnetization is zero (vertical line).

The first point is in total agreement with the expected
coupling between Gd and Sm magnetic contributions.
Magnetic interactions between rare earth metals are mediated
by the positive coupling between spin contributions. The Gd
spin contribution thus adds to the Sm one and contributes to
the increase of the overall spin contribution [19].

The second conclusion reveals that the spin contribution
to the total magnetic moment is not the dominant one at 12 K
in zero field after a +6 T field cooling process. The orbital
contribution due to the Sm atoms is the dominant one and
aligns parallel to the field at low temperature. The important
fact is that the total spin contribution becomes dominant
above compensation. However, both contributions do not

change sign over the entire temperature range since the field
is zero. Thus, the XMCD data allow a better understanding
of the two features of the macroscopic magnetic magnetization
temperature dependence (figure 5(a)): while the 5d Sm spin
keeps its orientation, the total moment changes sign at Tcomp

and is negative above 108 K. The compensation point is the
result of the perfect cancelation between antiparallel orbital Sm
contribution and spin (Sm + Gd) contributions.

The last observation is the direct proof that the long range
ferromagnetic order for the (Sm + Gd) magnetic lattice is still
present despite the zero magnetization. Due to the positive
coupling between Sm and Gd spin moments, all the spins
are orientated towards the field direction, in contrast to the
case of compensated ferrimagnetic compounds. This result
is in agreement with Compton diffraction [4] and XMCD [5]
experiments performed on bulk compounds.

Figure 8 presents macroscopic magnetization and XMCD
measurements performed under a zero applied field after two
different magneto-thermal treatments. In both cases, the
sample is cooled under zero field down to a temperature Tmag.
A 6 T field is applied and then switched back to zero. The first
measurement (empty squares) was made while cooling from
120 to 45 K, after applying 6 T at Tmag = 114 K > Tcomp.
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Figure 8. Temperature dependent magnetization (a) and XMCD
signal at the L2 Sm edge (b) measured under zero magnetic field after
two magneto-thermal treatments: 6 T applied at a so-called
magnetization temperature Tmag when Tmag > Tcomp (open squares)
and Tmag < Tcomp (filled squares). The L2Sm signal has been
multiplied by −1.

The second measurement (filled squares) was made while
heating from 45 to 150 K, after applying 6 T at Tmag =
45 K < Tcomp. For both magneto-thermal treatments, the
magnetization is opposite in the whole temperature range. In
both cases, it changes sign at Tcomp (figure 8(a)). When the field
is applied below (respectively above) Tcomp, the XMCD signal
at the Sm L2 edge is negative (respectively positive), which
is the signature of Sm 5d spin moment aligned antiparallel
(respectively parallel) to the field for the whole temperature
range (figure 8(b)). These experimental results confirm again
that the total orbital moment dominates below Tcomp, while the
total spin moment dominates above Tcomp.

It is to be underlined that the amplitudes of the dichroic
signal and of the macroscopic magnetization measured after
the first magneto-thermal treatment (empty squares) are
smaller. This observation can be correlated to a less efficient
Zeeman contribution close to the compensation temperature.
However, additional experiments are necessary to resolve the
magnetic configuration (tilt of the moments, perpendicular
magnetization domains . . .) associated with this lower spin
moment state.

The important result is that the orientation of the spin
moments at the compensation temperature can be controlled
by choosing the magnetization temperature. The sign of the
spin moment depends on the dominant magnetic contribution
(spin or orbital one) at the magnetization temperature. The
amplitude of the spin moment depends on the magnetization

Figure 9. Sm L2 edge hysteresis loops realized after field cooling
under 6 T at 79 K (open triangles), 108 K (filled squares) and 114 K
(open circles).

temperature. Its sign remains constant in the whole
temperature range, since no magnetic field is applied.

In order to illustrate the ferromagnetic character of the film
without magnetization, selective hysteresis loops at the Sm L2

edge have been measured for three temperatures: below and
above Tcomp and at Tcomp (figure 9). At 79 K, after a field
cooled process, the XMCD signal is negative: the 5d moment is
antiparallel to the applied field. At 114 and 108 K, the XMCD
signal is positive: the 5d moments are parallel to the field. The
XMCD loops measured at 79 and 114 K are characteristic of
the 5d spin moment reversal. At the compensation temperature,
the XMCD loop is flat, since the magnetic configuration in the
film is not sensitive to the occurrence of the applied magnetic
field. It is not possible to reverse the spin moments.

5. Conclusion

We have shown that it is possible to grow high quality
single crystalline (111)Sm1−x Gdx Al2 films that are zero
magnetization ferromagnets at the compensation temperature.
The compensation temperature depends on the Gd content
and is close to the value measured in bulk compounds. The
single crystalline Sm1−xGdx Al2 films exhibit a magnetization
direction perpendicular to the growth plane and a huge coercive
field that diverges at the compensation temperature. Using x-
ray magnetic circular dichroism at Sm and Gd L2,3 edges, we
have directly evidenced the occurrence of a long range spin
polarization of the Sm and Gd 5d conduction electron spin
at Tcomp, and a parallel coupling between total spin moment
of Sm3+ and Gd3+. Moreover, the spin orientation can be
tailored: it depends on the magnetic history of the sample.

The next step is to integrate this new material in more
complex magnetic heterostructures.

(i) To get a better understanding of this material’s fundamen-
tal properties, especially concerning its transport proper-
ties as a potential spin polarizer for an electric current
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(this includes measuring spin polarization using a super-
conducting contact point [20]).

(ii) To take advantage of its unusual zero magnetization
ferromagnetic order to address specific issues concerning
for example magnetic coupling or exchange bias
phenomena.

Another aspect is to develop new original zero moment
ferromagnets, with higher Curie temperature and extended
compensation state.
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