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Abstract. Below its ordering temperature (Ty = 90 K), bulk beec Eu has a helical magnetic state with
propagation vectors along the three equivalent (100) directions. In contrast, epitaxial (110)Eu films exhibit
a unique magnetic ordering : the domain with a magnetic helix propagating along the in-plane [001]
direction vanishes on cooling, at the expense of other domains with helices propagating along [100] and [010].
This paper is devoted to the study of the stability of the magnetic domains in an external magnetic field
using neutron scattering experiments and macroscopic magnetization measurements. The helix propagating
along the [001] direction can be restored by the application of an external field along this direction. On the
contrary, when a magnetic field is applied along an intermediate direction, specifically [110], the domain
with a helix propagating along [001] is suppressed. Both effects depend on the film thickness. They are
explained if one considers that, because of the low magnetic anisotropy of Eu, a helix with a propagation
vector parallel to (or close to) the applied magnetic field is energetically more favourable than cycloidal
structures with unchanged propagation vectors. Finally, the amplitudes of the propagation vectors and
their directions (that are modified in films compared to bulk) do not vary under magnetic field.

PACS. 75.25.4z Spin arrangements in magnetically ordered materials — 75.70.Ak Magnetic properties of
monolayers and thin films — 68.55.-a Thin film structure and morphology — 61.12.Ex Neutron scattering

1 Introduction

Bulk rare earth metals exhibit complex magnetic phase di-
agrams resulting from the competition between exchange
energy, magnetic anisotropy and magnetostriction [1].
Rare earth epitaxial films are ideal candidates for funda-
mental studies of the link between structural and magnetic
properties. In fact, in these films, both the lattice clamping
to the substrate and the pseudomorphic strains are known
to induce modifications of the magnetic properties [2-8].

Europium is an atypical light rare earth that is divalent
and has a half-filled 4 f shell. These characteristics lead to
physical and chemical properties that significantly differ
from most other rare earths [9]: for example, Eu has a bec
crystal structure, low melting point, large atomic radii,
large thermal expansion coefficient, etc...

In its bulk form, Eu undergoes a first order magnetic
transition [10] to a helical state below the Néel temper-
ature Ty close to 90 K [11]. The propagation vectors of
the helices are along the (100) directions with a turn angle
that slightly decreases from 51.4° at the transition tem-
perature to 50° at 4.2 K. The magnetic moments lie in
{100} planes perpendicular to the propagation wave vec-
tors and are aligned ferromagnetically within these planes.
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Six magnetic domains are thus present; the correspond-
ing propagation vectors are: 1 = (£700); £k = (0 £
7,0); k3 = (0 £ 7).7 is the magnitude of the wave vector

of the periodic magnetic structure (7 = 0.39261&71). We
adopt a simplified notation D; representing domains with
propagation vectors x; (with opposite helicities). D1, Do
and D3 develop with a-priori equal proportions. The mag-
netic transition is accompanied by an abrupt tetragonal
distortion (+0.09% along an axis and —0.044% along the
two other ones) [12].

The application of a magnetic field along one of the
(100) cubic directions stabilizes the propagation of a mag-
netic helix along this direction [13]. Actually, because the
magnetic anisotropy of Eu is very small, it is therefore en-
ergetically more favorable to change the helix propagation
vectors towards the field direction rather than for the he-
lix to distort in its plane, leaving the propagation vectors
fixed and forming cycloidal structures. When increasing
magnetic field, a conical ordering of the moment is ex-
pected, with an apex angle of the cone becoming always
smaller, leading finally to a ferromagnetic arrangement of
the moments. When a magnetic field is applied along [001],
at 4.2 K, D3 increases gradually between 0.5 and 2 T at the
expense of D; and Dy [13]; because of hysteretic effects,
D1 and Dy reappear in zero field only after heating the
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Fig. 1. (a) Sketch of the rotation angle 3 between the magnetic
propagation vectors and the crystal axes in (110)Eu films. (b)
Sketch of the tilt angle o between the [110] growth direction
of Eu and the [1120] direction in the sapphire substrate in
(110)Eu films.

sample to 35 K. There is no rotation of the propagation
vectors towards the field direction. On the contrary, when
a magnetic field is applied along the [110] direction (not
a magnetic propagation direction), the helix propagating
along [001] disappears above 0.7 T whereas the propor-
tions of the domains with helices propagating along [100]
and [010] decreases under a much higher field [13]. Due to
the large absorption of neutron beam by Eu, a refinement
of the magnetic structure of bulk Eu in a [110] magnetic
field has not been successful.

Single crystal (110) Eu films have been prepared
only recently by Molecular Beam Epitaxy (MBE) [14]. A
unique magnetic structure has been reported under zero
magnetic field [15]: when decreasing temperature, D; and
Dy grow at the expense of D3 (the domain with a helix
propagating along the in-plane [001] direction). In addi-
tion, the propagation vectors in Dy and D5 continuously
rotate towards the [110] growth direction with decreasing
temperature. The angle of rotation § (Fig. 1a) is temper-
ature dependent. These behaviors are correlated to the
onset of shear strains below T,;, the temperature below
which the film’s lattice is constrained to follow the thermal
expansion of the substrate [16]. In fact, the lattice strains
introduce a new magnetoelastic term in the total energy
of the system that favors the change of the moment di-
rections for Dy and Dy. Consequently, the magnetoelastic
contribution induces a rotation of the magnetic propaga-
tion direction, provided this direction remains perpendic-
ular to the plane containing the magnetic moments [17].
Tilting the magnetic propagation vectors ki and ko re-
duces either the exchange or magnetoelastic energies of
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D; and Ds. D3 likely vanishes below a temperature Ty,
when its energy cost becomes too high. All these effects
are thickness dependant (Tab. 1), since the different con-
tribution to the total energy are weighted by the thickness
of the Eu film and of the non-magnetic buffer (responsible
for the clamping effect).

This paper reports results of a combined neutron
scattering and macroscopic magnetization measurements
study of the stability of the magnetic domains in (110) Eu
films under magnetic field. The magnetic field was applied
along two directions of the (110) plane: (i) the [001] direc-
tion, parallel to a magnetic propagation wave vector; and
(ii) the [110] direction located at 45° from the [100] and
[010] propagation vectors.

The paper is organized as follows: the second section
is devoted to the films growth and atomic structure char-
acterization. The main results involving the response of
the magnetic structure to the applied field are presented
in the third section.

2 Films growth and atomic structure
characterization

The Eu films were fabricated by MBE, following a specific
process developed to get high quality single crystals on
[1120] sapphire substrates [14]. A 50 nm (110)Nb buffer is
first deposited at 800 °C. The Nb surface is reconstructed
due to the presence of chemisorbed oxygen [18] and favors
the stabilization of an hexagonal Eu surface, the relax-
ation of which gives rise to a multi-domain bcc Eu film.
However, if an additional 15 nm layer of (110)Nb is de-
posited at 150 °C on the initial Nb buffer layer, a non-
reconstructed (110)Nb surface forms that allows growth
of single crystal (110)Eu. Eu films were grown with thick-
ness ranging between 37.5 nm and 750 nm. The samples
were covered with a 100 nm thick yttrium cap layer to
prevent the highly reactive Eu deposit to oxidize.

The crystal quality of the films was checked using
X-ray scattering. We find the crystalline coherence length
along the growth direction increases from 24 nm to 60 nm
when the films thickness increases from 37.5 nm to 750 nm
and the mosaicity decreases from 1.07° to 0.18° in the
same thickness range. Table 1 presents a list of the films
and their main structural characteristics. In some samples,
the Eu growth direction is slightly tilted, probably due to
a substrate miscut, as designated by the angle a sketched
in Figure 1b. The values of the angle o determined for the
whole set of samples from X-ray diffraction are also listed
in Table 1.

In-plane and out-of-plane lattice constants of Eu films
were measured at 300 K by X-ray scattering and as a
function of temperature down to 10 K using neutron scat-
tering [17]. At low temperature, the Eu is no longer cubic,
but is distorted with the in-plane af10] and apgg lattice
constants larger than the a aji1¢) lattice constant along
the growth-axis. In fact, below a clamping temperature
Te, ap110) and apgg are clamped to the underlaying Nb
buffer layer. They leave the thermal reduction observed
in bulk Eu and remain almost constant down to 10 K.
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Table 1. List of the samples, thicknesses, structural coherence length, mosaicity and tilt angle o determined from X-ray
diffraction, relative proportions P; of the magnetic domains at 10 K, angle 8 and temperature of disappearance of the domain
D3 under zero magnetic field determined from neutron and magnetic X-ray diffraction.

thickness Coh. Mosai- Tilt Py Ps P3 Jé) Ty
sample (nm) length -city at0.05 atl0K atl0K atl0K atl0K (K)
(£2mm)  (£002°)  (°) @ @ %)

Bulk / / / 0 33.33  33.33  33.33 0 0
Film A 37.5 24 1.07 0.55 52 48 0 7.1 /
Film B 75 39 0.72 0 39 61 0 4.8 55
Film C 80 39 0.76 1.32 86 14 0 5.17 /
Film D 150 50 0.73 1.88 92 8 0 5.3 50
Film E 375 51 0.58 0 45 55 0 3.8 42
Film F 375 59 0.25 1.4 97 3 0 3.5 45
FilmG 750 60 0.18 0 57 43 0 1.87 37

However, the clamping of the in-plane lattice parameters Q ® Nuclear
L

does not affect the bulk-like temperature dependence of
the perpendicular lattice parameter, because the Pois-
son coefficient of Eu is small (0.15). This clamping ef-
fect leads to a negative shear strain e,, of the same or-
der of magnitude as the one measured in the (110)REFe,
(RE= rare earth) [19] and the (110)Cr [20] epitaxial films.
The absolute value of shear strain increases when the
temperature decreases. The well-defined clamping tem-
perature strongly depends on the Eu thickness. Conse-
quently, the shear strain is also thickness dependent: its
magnitude increases when the film thickness decreases. At
10 K, &4y varies between —0.15% for a 750 nm thick Eu
film and —0.5% for a 37.5 nm one (Tab. 1). The origin of
the clamping temperature and its systematic dependence
upon Eu thickness remains to be clarified, though it likely
is related to the thermal mobility of misfit dislocations.

3 Magnetic ordering under magnetic field
in (110)Eu films

3.1 Experimental details

The macroscopic magnetization measurements were per-
formed using a Quantum Design SQUID magnetometer.
Neutron scattering experiments were performed at the
Laboratoire Léon Brillouin in Saclay (France) on the 4F2
triple axis instrument with the crystal analyzer set for
zero-energy transfer (to improve the signal to background
ratio). The neutron wavelength was 2.36 A. The col-
limation was 40’ before and after the sample, leading

to an instrumental resolution of 0.016 A~ . The sam-
ple was placed in a cryomagnet with vertical field. The
measurements were performed in the temperature range
10 K- 300 K and in the field range 0 T-5 T.

The distribution of coherent nuclear and magnetic in-
tensities for bulk bee Eu is presented in Figure 2. Three
pairs of magnetic satellites are located around each (h k1)
nuclear peak at (h + 7, k,1), (h,k £7,1) and (h,k,l £ 7).
In order to simplify the notation, around a given nuclear
peak, the magnetic peaks associated respectively to the

B +K; A+K, O+K;

[m] K, A_K2 O_K3

(200)

Qu

Fig. 2. Reciprocal lattice of magnetic bce Eu: nuclear scatter-
ing peaks (diamonds), magnetic scattering peaks correspond-
ing to the the helices with propagations vectors along [100]
(squares), [010] (triangles) and [001] (circles).

D1, Dy and D3 domains are labeled using the correspond-
ing propagation vectors +k1, £xo and +kg3.

3.2 Magnetic ordering for a magnetic field applied
along the [001] direction

Before to present data under magnetic field, let’s underline
a zero field result: as a consequence of the tilt (o angle) of
the Eu growth direction (paragraph 2), the [100] and [010]
cubic axis are no longer equivalent. So, the proportions of
D; and D5 in zero field depend on this tilt angle. Their
values P; at 10 K are presented in Table 1. At low tem-
perature, Ps is always equal to zero. When the tilt angle
« is smaller than 1°, P is close to P»; on the contrary,
when « is larger than 1°, P; is larger than Py (P; = 100%,
97%, 86%).

In this section, we report results obtained for a mag-
netic field applied along the [001] direction, parallel to
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Fig. 3. Neutron diffraction spectra collected for the film F
along the b* direction. Evolution of the —k; magnetic satellite
(around the (1 — 7,1,0) reflection) at 10 K as a function of
the magnetic field applied along the [001] direction. Filled and
empty symbols correspond respectively to the increase and the
decrease of the magnetic field. The curves have been shifted
vertically to improve clariry.

the magnetic propagation vector in D3 and located in the
sample plane. Detailed data are first shown for the 375 nm
thick (110) Eu film with a tilt angle larger than 1° (sample
F, paragraph 3.2.1); then the influence of film thickness
on the magnetic structure is presented (paragraph 3.2.2).

3.2.1 Magpnetic ordering in a 375 nm thick (110) Eu film

a) Neutron diffraction under magnetic field.

The positions and the intensities of the magnetic satel-
lites observed by neutron diffraction were recorded as a
function of magnetic field. The positions of the satellites
do not vary with magnetic field suggesting that the turn
angle of the helix and the direction of propagation are not
affected by the magnetic field. On the contrary, the in-
tensities (and thus the values of P;, P, and Ps) strongly
depend on the magnetic field.

When the film is first cooled to low temperature in
zero field (ZFC process), Dy is mainly present: a single
pair of magnetic satellites, labeled k1 and —k1 are observed
around each nuclear peak and P; = 97%, (Tab. 1). Both
satellites disappeared in a range between 2 T and 2.5 T.
This process is irreversible, i.e. the k1 and —k; satellites
remain absent even if the field is reduced to zero. As an
illustration, Figure 3 presents the —k; satellite as a func-
tion of field. After reducing the field to zero, a detailed
analysis of the reciprocal space permits to evidence that
only Dy is present. To restore Dy, one needs to warm the
sample up to 300 K and then to cool it down again. Thus,
at 10 K and zero field, Ps is always equal to zero but
P, > P, or P, > P; depending on the magnetic history
of the sample.

Figures 4a and 4b show the variation of the intensities
of the —k5 and k3 satellites at 10 K as a function of mag-
netic field, starting from a magnetic configuration with
P; =0 and P, > P;. The —k, satellite suddenly disap-
peared for a critical field H, = 2.4 T, while the k3 satellite
simultaneously appeared. The effect was hysteretic: when
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netic satellites and macroscopic magnetization (c) as a function
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tively to the increase and the decrease of the magnetic field.
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decreasing the field, the k3 satellite vanished for a criti-
cal field H; = 0,7 T and Dy was simultaneously restored.
Note that the variation of the intensities of the —xo and x3
magnetic satellites at H, and H, are abrupt. Restoration
of D3 at H, and its disappearance at H; were also ob-
served starting from a magnetic configuration with P3 =0
and P1 > P2.

Consequently, as in bulk Eu, the magnetic field ap-
plied along the [001] magnetic propagation vectors tends
to favor the corresponding D3 domain at the expanse of
the other domains. However, the (110)Eu films behavior
is notably different from the bulk for two reasons:

(i) the value of the magnetic field necessary to suppress
D; and/or Dg is more than twice that for bulk Eu
(24 T vs. 1 T [13]).
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(ii) in bulk, the magnetic ordering induced under mag-
netic field (favoring D3 only) is irreversible. To restore
the initial magnetic ordering (equal size magnetic do-
mains), the sample must be warmed at 35 K. In the
film F, the vanishing, under magnetic field, of the do-
main stabilized by a ZFC process (D;) is also irre-
versible. However, when cycling the magnetic field at
low temperature, D3 and D5 are successively stabi-
lized.

Both points (i) and (ii) are consistent with the fact that
D3 is not favored compared to D and Dy in (110)Eu films
in zero field (lattice strain effect).

The small decrease of intensity associated to the Dy do-
main for magnetic fields slightly smaller than H, can be
attributed to a slight distortion of the helix. This assump-
tion is in agreement with the small value of the magnetic
susceptibility for an helical order with small anisotropy
when the magnetic field is applied in the plane of the he-
lix [21,22].

b) Macroscopic magnetization as a function of field
and temperature

At 10 K, the first magnetization curve measured for a
magnetic field along [001] after zero field-cooling exhibits
a rather small slope (between 0.2 T and H,), followed by
an abrupt and significant increase when the field becomes
larger than H, (Fig. 4c). Above H,, the slope of the mag-
netization curve is similar to bulk Eu. As in bulk Eu [7,8],
there is no sign of any saturation for large magnetic fields.
When decreasing magnetic field, a decrease of the magne-
tization is observed at Hy = 0.7 T (along the applied field
direction).

These jumps of magnetization can be correlated to
the relative variation of the proportion of the magnetic
domains observed during neutron experiments (Figs. 4a
and 4b). The D; and/or Dy domain configuration occurs
for H < H, when increasing field and for H < H; when
decreasing field. The single D3 domain configuration is ob-
served for H > H, when increasing field, and for H > Hy
when decreasing field. The formation of D3 leads to the
increase of the net magnetisation along the [001] direc-
tion at H, and its vanishing leads to the decrease of the
magnetisation at Hy.

These jumps of magnetization on the M(H) curves
are clearly visible for temperatures below 45 K. However,
when increasing temperature from 10 K to 45 K, they
are shifted towards smaller values of the magnetic field
(H, = 1.4 T at 40 K). On the contrary, in the temperature
range where the three magnetic domains are present for
H =0 (T > T; = 45 K), no jump of the magnetization
is observed and the behavior of the film is close to that of
bulk (without any jump, nor hysteretic effect).

The origin of the high susceptibility observed at low
field in Figure 4c is still under investigation. From neutron
diffraction, it is not due to the occurrence of a pollution
(oxide...) but perhaps to a magnetic re-arrangement of
the helix of the D; and/or Dy domain under field. Our
present aim being to study the new features, compared to
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Fig. 5. Thermal variation of the magnetization under a 0.5 T
magnetic field applied along the [001] direction for sample F:
empty symbols correspond to the FC process (decreasing tem-
perature) and filled ones to the ZFC process (increasing tem-
perature).

bulk, that occur at larger fields, this low field contribution
has no influence on the following discussion.

In order to analyze the influence of the field on the
temperature of disappearance of D3, magnetization mea-
surements have been performed as a function of tempera-
ture under a fixed magnetic field. A typical curve is shown
for H = 0.5 T in Figure 5. This figure exhibits the Field-
Cooled (FC) and Zero Field Cooled (ZFC) curves. As in
bulk Eu [1], the cusp at 90 K is the signature of the devel-
opment of helical order. However, at lower temperatures,
the thermal variation of the (110) film magnetization is
completely different from that of the bulk. In particu-
lar: (i) the FC curve exhibits a decrease between 52 K
and Tpe = 40 K; (ii) when increasing temperature after
a ZFC process, the magnetization increases at approxi-
mately Tyrc = 77 K. The FC and ZFC curves are super-
imposed below 40 K and above 88 K.

These unusual variations of magnetization as a func-
tion of temperature can be also correlated to modifications
of the proportion of the magnetic domains in agreement
with the previous conclusions. The reduction of magneti-
zation during the FC process is attributed to the vanishing
of D3. Thus, below 40 K, under 0.5 T, D3 is completely ab-
sent. After the ZFC process, the initial magnetic arrange-
ment corresponds to the occurrence of Dy, with a low sus-
ceptibility and the increase of magnetization at 77 K can
be attributed to the restoration of D3. To summarize, if we
compare results obtained for zero field [15], the magnetic
field applied along [001] delays the vanishing of Dywith de-
creasing temperature and promotes its re-appearance with
increasing temperature. This behavior is consistent with
the fact that the magnetic field stabilizes the magnetic
domain with a propagation vector parallel to the field.

The correlation between the jumps of magnetization
and the proportion of D3 can be explained considering
the values of the magnetic susceptibilities of the different
domains. Herpin [21] and Nagamiya [22] have calculated
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the ratio x 1 /x| in the case of low anisotropy:

XL

N = 2 (1+2cosw+2cos’w) > 1

I

xL (x)) is the susceptibility when the magnetic field is
perpendicular (parallel) to the plane of the helix and w is
the turn angle of the helix. The two main hypotheses for
this calculation are: (i) when the magnetic field is applied
along the helix axis, the turn angle remains unchanged and
the magnetic structure is conical; (ii) when the magnetic
field is applied in the helix plane, the helix distorts in this
plane (the turn angle is modified). This ratio is always
larger than 1 and, in the case of bulk Eu, it is close to 6.

In the case of Eu films, the macroscopic magnetization
can be expressed as: M = (Pyx1 + Pax2 + Psx3)H where
X: is the magnetic susceptibility associated to D;. When
the magnetic field is applied along [001], x5 = x. and
X1 = X2 = X||- The magnetic susceptibility of the film is
then x = P3(x1 — X)) + x|; it is smaller when P; = 0
(D1 and/or Dy domain configuration and x = x;) than
when P; = 1 (single D3 domain configuration and y =
X1 ). The magnetization data presented in Figure 4c are in
agreement with the above conclusions if one consider that,
when increasing field, x = x| when the field is smaller
than H, and x = x_ for larger fields.

Finally, a temperature-magnetic field diagram has
been constructed from the values of Tpc and Typc
recorded for different applied fields (Fig. 6). When the
magnetic field increases, both temperatures decrease.
Above the continuous line, only D3 is present. The field
range of occurrence of D3 grows when increasing temper-
ature. At low field and temperature, only D; or Dy are
present. For the values of magnetic field and temperature
between both lines, the magnetic arrangement depends on
the magnetic history of the sample.
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The main effect of the magnetic field is to promote
D3 to lower temperatures. This effect is explained by the
reduction of AE(H) (the difference between the mag-
netic energy of Dy or Dy and the energy of Ds). Indeed,
if AE(0) is the difference between the energy of Dy or
Dy and the energy of Ds under zero field: AE(H) =
AE(0) — (xL — x))H?. AE(H) is always reduced com-
pared to AE(0) since the Zeeman contribution is negative
(XL —x)>0).

3.2.2 Influence of the film thickness

As mentioned in the introduction, the magnetic arrange-
ment under zero magnetic field in (110)Eu films depends
on the film thickness. In this section, we describe how the
thickness modifies the stability of D3 in magnetic field.

In particular, Figure 7 shows the variation of H, (the
field of appearance of D3) and of Tpc (the temperature
of disappearance of D3 in a magnetic field) as a function
of thickness. Both H, and Trc increase as film thickness
decreases. These growths of H, and of Tgc mean that
a stronger field is necessary to obtain Ds and that Dj
disappears at higher temperature, when the thickness de-
creases. The range of occurrence of D3 is thus reduced for
the thinnest films.
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Table 2. Relative proportions P; of the magnetic domains at
10 K for samples D, F and G under zero magnetic field. The
upper line corresponds to the relative sizes after a zero field
cooling, the lower line corresponds to the relative sizes under
zero field after applying a magnetic field larger than H, along
the [001] direction.

Sample P; at 10 K (%) P at 10 K (%) Ps at 10 K (%)

Bulk 33.33 33.33 33.33
0 0 100
Film D 92 8 0
0 100 0
Film F 97 3 0
0 100 0
Film G 57 43 0
12 18 70

Finally, the proportions of the magnetic domains at
low temperature were measured in zero field for films D,
F and G, after cycling the field. The results are com-
pared with the same proportions after a ZFC process be-
fore cycling (Tab. 2). The evolution of proportions of the
magnetic domains depends on the film thickness. For the
thinnest films (D and F), D3 is always absent at 10 K
whatever the magnetic history is. This result is consistent
with the non-zero value of Hy determined from magnetiza-
tion measurements (Fig. 4c). The effect of field cycling is
to reverse the magnetic populations of D; and Ds. On the
contrary for the thickest film (film G), D3 remains popu-
lated after switching the field back to zero. However, the
behavior of this thick film is still not identical to the bulk
one because Dj and Ds remain present at 10 K, contrary
to the case for bulk Eu (Tab. 2 [13]).

3.3 Magnetic ordering for a magnetic field applied
along the [110] direction

In this section, we report on the results obtained for a
magnetic field applied along the in-plane [110] direction.

a) Neutron diffraction under magnetic field

As in the case for a magnetic field applied along [001], de-
tailed neutron scattering data were obtained as a function
of field for the film F. Results for additional samples will
be summarized in Section 3.4.

The experiments were performed at 10 K and 65 K
after a ZFC process. Since the temperature at which Ds
vanishes is 45 K in film F, the initial magnetic arrange-
ments at zero field are different for 10 K and 65 K: Dg3 is
absent at 10 K whereas it is still present at 65 K. At both
temperatures, D1 is present and D5 is absent.

As for a magnetic field applied along the [001] direc-
tion: i) the positions of the magnetic satellites do not vary
with field which means that neither the turn angle, nor
the propagation vectors are modified under field; ii) the
intensities vary with magnetic field: they depend on the
variation of the proportions of the domains as induced by
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Fig. 8. Intensities of the (1,1,7) and (2 — 7,2,0) magnetic
satellites at 65 K (a), intensity of the (2 — 7,2,0) magnetic
satellite at 10 K (b) and macroscopic magnetization at 10 K
and 65 K (c) as a function of the magnetic field applied along
the [110] direction for sample F. The neutron intensities are
collected for increasing magnetic field after a ZFC process.

magnetic field. Figure 8 shows the evolution of the inten-
sity of the —x1 and k3 satellites at 65 K (Fig. 8a) and of
the —x1 satellite at 10 K (Fig. 8b) with increasing mag-
netic field.

At 65 K, when the field reaches 0.7 T, the intensity
of the —k; satellite increases whereas the intensity of the
kg one decreases (Fig. 8a). This is the signature that Dy
grows at the expense of D3. At 2 T, the intensity of the
k3 satellite and consequently Ps is zero. The variations
of the proportions of the magnetic domain are much less
abrupt than in the case of a magnetic field applied along
the [001] direction. At 65 K, as in bulk [13], the effect of
the magnetic field is to suppress the magnetic domain with
wave vector perpendicular to the field (D3). However, the
non-zero value of P; is surprising since, in bulk, D; and
Do aren’t observed.

At 10 K, the intensity of the —k; satellite is constant
to 3 T and then decreases very slowly with increasing field
(Fig. 8b). This result suggests that P; is nearly constant.
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This is consistent with the fact that this domain is already
mainly populated at zero field (97%). The slight decrease
of the neutron intensity observed at larger fields could
correspond to a distortion of the helix.

For temperatures of 65 K and 10 K, no additional mag-
netic satellites, corresponding to a magnetic order with a
propagation vector parallel to the applied magnetic field,
were observed despite intensive search. Contrary to the
bulk case, magnetic field applied to the film along [110]
favors propagation vectors along a main cube direction as
close as possible to H (i.e. along [100]).

b) Macroscopic magnetization measurement

At 65 K and 10 K (Fig. 8¢c), the magnetization curves do
not exhibit any jump nor a hysteretic behavior: they are
similar to the bulk ones in contrast to the magnetization
curves collected for the same film when the field is applied
along the [001] direction (Fig. 4c).

Figure 9 presents the thermal variation of the magne-
tization, after a ZFC and a FC process, for sample F. The
magnetic field, applied along [110], is 0.5 T. Similarly to
the case where the field is applied along [001]: (i) the de-
velopment of the helical phase give rise to a cusp at 90 K;

(ii) the FC and ZFC curves differ in the temperature
range between Typc and Tz pc. However, in this tempera-
ture range, the magnetization measured after a ZFC pro-
cess is larger than the magnetization measured after a
FC process, in contrast to the result for the field parallel
to [001].

We explain the magnetization data considering again
the values of the magnetic susceptibilities of the different
domains. When the field is applied along [110], the sus-
ceptibility for D3 is now x|, whereas the susceptibility for
Diand Dy is x450 with: x4s0 = (x| +x1)/2 close to 7x| /2.
Thus, the susceptibility of an arrangement with a D3 do-
main is smaller than the susceptibility of an arrangement
with no D3 domain.

At 10 K, the absence of a jump on magnetization as
a function of field (Fig. 8c) is consistent with the neutron
data showing no change of magnetic populations (Fig. 8b).

The M(H) curve measured at 65 K does not exhibit
any jump neither, despite the decrease of the D3 popu-
lation deduced from neutron measurement. This point is
perhaps correlated to the fact that: (i) the values of the
susceptibilities y45e and x| are closer than the ones of x|
and x are; (ii) the transition is broader.

The larger value of the ZFC magnetization compared
to the FC one between Tzpc and Tre (Fig. 9) is in agree-
ment with a smaller susceptibility of D3 (x|) compared
to the susceptibilities of D1 and Da (X450 ). The vanishing
of D3 now generates an increase of susceptibility. In this
temperature range, D3 is present during the FC process
and absent during the ZFC one.

3.4 Comparison between [001] and [110] applied field
directions

In order to illustrate the different magnetic behavior in
(110)Eu films when the magnetic field is applied either
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Fig. 9. Thermal variation of the magnetization under a 0.5 T
magnetic field applied along the [110] direction for sample F:
empty symbols correspond to the FC process and filled ones to
the ZFC process.

along the [001] or the [110] direction, Figures 10 and 11
show the variation of Trc (the temperature of disappear-
ance of D3) as a function of field and of film thickness for
both field directions.

In Figure 10, Trc is shown as a function of magnetic
field for sample D. For this film, under zero field Ty = 50 K
(Tab. 1). This figure clearly shows the opposite influence
of the [001] and [110] applied fields on the proportion of
Ds. The [001] applied field favors D3 compared to zero field
case. On the contrary, the [110] applied field disfavors this
domain.

As it was mentioned previously, AE(H) the difference
between the energy of D3 and the energy of Dy or Dy is:
AE(H) = AE(0) — (x3 — X1or2)H?. If the field is paral-
lel to [001], x3 — X1or2 = X1 — X|| > 0, then the effect
of the field is to decrease AFE. If the field is parallel to
[110], x3 — X1or2 = XL — X450 < 0, then the effect of
the field is to increase AE. The field applied along [001]
thus counterbalances the effect due to the lattice strain,
i.e. the destabilization of Ds. On the contrary, the field
applied along [110] reinforces the effect due to the lat-
tice strain. Moreover, the field applied along [001] is ob-
viously more effective since ATpc(H || [001]) > ATwc
(H || [110]). This is likely due to the fact that the [001] di-
rection is a magnetic propagation direction, in other words
IX) = xase | < Ixe —xyl-

Figure 11 presents Trc as a function of film thickness
with a 0.5 T magnetic field applied along [001] and along
[110]. The data under zero magnetic field are also pre-
sented (Tq). Whatever the value and the direction of the
magnetic field are, the temperature at which D3 vanishes
decreases when the film thickness increases. Moreover, this
figure illustrates again that: (i) depending on the field di-
rection, the field effect is added or opposed to the lattice
strain effect and (ii) the amplitude of this field effect de-
pends on the direction of the applied field (it is larger
when the field is applied along [001]).



S. Soriano et al.: Magnetic ordering in (110) Eu films in an applied magnetic field

H//[110]

of domain D3 (K)

Temperature of disappearance

Hy// [001]

0 " "
00 05 10 15 20 25 30
Mhgnetic field (T)
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decreasing temperature.

4 Summary and conclusion

In (110)Eu films, at low temperature, the lattice clamping
to the substrate induces modifications of the proportions
of the magnetic domains and the rotation of propagation
vectors of the remaining helices (strain effect). When a
magnetic field is applied in the growth plane, the turn an-
gle and the propagation directions of the helices remain
unchanged, whereas the proportions of the magnetic do-
mains vary. Actually, compared to the zero field behavior,
the Zeeman contribution leads to a reduction of the dif-
ference of magnetic energy AE between D; or Dy and D3
when the magnetic field is applied along the [001] direc-
tion, on contrast to an increase when the field is parallel
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to [110]. Thus, when the field is applied along [001] i.e.
along the in-plane magnetic propagation vector, its effect
is opposed to the strain effect: it tends to favor Dj3 at
the expense of the other domains. On the contrary, when
the field is applied along the [110] direction, the effect of
the field is added to the strain effect (vanishing of Ds).
Moreover, the amplitude of the field effect is larger when
the field is along [001] than when the field is along [110].

Similarly to the lattice strain effect, the effects of the
magnetic field depends on the films thickness because
the relative contribution of Zeeman energy differs with
the relative thickness of the film and the non-magnetic
substrate.

Variations of the proportions of the magnetic domains,
observed with neutron diffraction experiments explain
atypical behavior of the macroscopic magnetization, by
considering the different values of the susceptibilities for
the different magnetic domains that depend on the an-
gle between the propagation vector of the helices and the
applied field.

The experimental results presented in this paper are
in agreement with the theory of helical spin ordering and
of its modification under magnetic field initially exposed
by Nagamiya [22].

Some questions need additional experimental investi-
gations. On one hand, it should be interesting to study
the influence of a magnetic field applied along the [100] or
the [010] direction at low temperature in a (110)Eu film.
Will the Zeeman energy balance the strain effect and align
again the propagation vectors along the crystal axes? On
another hand, the reason why D; is promoted in films and
not in bulk when a magnetic field is applied along [110]
needs to be elucidated. Finally, it should be possible to
investigate the domain size by spatially resolved magnetic
X-ray diffraction [24].

The authors would like to thank the Laboratoire Léon Brillouin
(Saclay, France) for providing technical support for neutron
diffraction experiments.
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