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We address the magnetic phases in very thin Ho films at the temperature interval between 20 K and
132 K. We show that slab size, surface effects and magnetic field due to spin ordering impact significantly
the magnetic phase diagram. Also we report that there is a relevant reduction of the external field
strength required to saturate the magnetization and for ultra-thin films the helical state does not form.
We explore the specific heat and the susceptibility as auxiliary tools to discuss the nature of the phase
transitions, when in the presence of an external magnetic field and temperature effects. The presence of
an external field gives rise to the magnetic phase Fan and the spin-slip structures.
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1. Introduction

The magnetic properties of rare-earth materials were the sub-
ject of intensive studies in the sixties years (for major reviews, see
Refs. [1,2] ). With the success of modern crystal growth techniques
to produce rare-earth multilayers, the interest in this subject is
currently undergoing a fast resurgence, with exciting new per-
spectives for the future [3].

On the other hand, magnetic ordering in the heavy rare-earth
lanthanides [4] is mediated by the RKKY interaction in which the
polarization of conduction electron yields an indirect exchange
between localized 4f moments on neighboring lattice sites [5]. The
interplay between this long-range interaction and anisotropic and
magneto-crystalline effects results in complex magnetic ordering
and the possibility of a variety of magnetic structures. As stated
before, understanding the magnetism of thin films is of general
importance in a technological context, and rare-earth metals are
used in a wide range of applications, and have attained global
economics importance [6,7]. One of the most recent purposes is
the use of these materials in solid-state rare-earth-ion-doped
systems, which justifies their status as very strong candidate to a
long-lived quantum memory system [8]. Also, very recently, Lovric
et al. [9] have reported a high fidelity optical memory, made of a
rare earth doped crystal, in which dynamical decoupling is used to
extend the storage time. The present work intends to contribute to
asconcelos).
the study of the magnetic phases of rare-earth thin films, aiming
further applications.

Among the rare-earths, Holmium in particular displays unusual
behavior which, coupled with the large temperature stability of
the intermediate helimagnetic phase when compared to Dy and
Tb, has led to it being treated as a model system in a number of
recent experimental [10] and theoretical [11,12] studies. In the
bulk, Holmium metal orders magnetically below TN¼132 K (Néel
temperature) and the moments in consecutive neighboring basal
planes rotate to give a long-period helical phase. At temperatures
below TC¼20 K (Curie temperature) a second first-order phase
transition to a bulk FM state occurs driven by competition be-
tween magnetoelastic and exchange energies. It arranges as a cone
with angle of θ° ≤ ≤80.5 90°, giving rise to a conical phase [13].
When a magnetic field is applied in the basal plane other magnetic
structures are observed including a basal plane ferromagnetic
phase, fan phase and helifan phase [14,15]. In thin films when the
thickness is comparable with the periodicity of the ordered
structure, it is expected that even the magnetic arrangement itself
can be strongly modified.

For ultrathin films, however, as the number of spin layers is
reduced by decreasing the film thickness, additional structures are
established including a fan and spin-slip [16,17] structures, high-
lighting the importance of surface and interfacial effects. This fi-
nite-size effect is caused by the reduced number of atoms in the
direction perpendicular to the film plane that leads to a decrease
of the total magnetic exchange energy. Rare-earth helimagnets
such as Ho, Dy, and Tb (for a review see [18]) represent the best
candidates to put into evidence such finite-size effects.
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The magnetic phases in ultrathin helimagnetic holmium films
were recently studied by using of Monte Carlo simulations [11],
where the authors have described the system by a Heisenberg
model with easy-plane single-ion anisotropy and seven coupling
constants (obtained by experimental neutron scattering mea-
surements). They have observed that for the analyzed thicknesses
of 8–16 monolayers, it is seen that by increasing the temperature
the films show, after the distorted helical configuration, a tem-
perature range where disordered inner planes coexist with surface
ones in a block ordered state (spin-slip). Also, it is observed, at low
temperatures, that the progressive reduction in the number of
layers does not imply a sudden helical order suppression but ra-
ther, as a consequence of surface effects, a gradual passage to a
Fan-like order, accompanied by the helix distortion.

In this paper we investigate a c-axis thin film, consisting of a
stacking of atomic layers with equivalent spins, infinitely extended
in the −x y directions. We consider that the spins in each
monolayer are exchange coupled with the spins in the first and
second neighbor monolayers. The anisotropy is uniform through-
out the film and the near-surface spins have reduced exchange
energy. To study the magnetic phases as functions of the applied
magnetic field, we use a self-consistent local field model which
incorporates the surface modifications in the exchange field and
the thermal average values 〈 〉J n( ( ) ; = …n N1; ) and the orientation
of the spins in each layer ϕ〈 〉( n ; = …n N1; ). Our main purpose is to
study the magnetic phases of very thin Ho films in the tempera-
ture interval between 20 K and 132 K. Specifically, we will in-
vestigate the influence of the surface and thickness of a thin film,
associated with the existing competition between the energies of
exchange and magneto-crystalline anisotropy, when in the pre-
sence of an external magnetic field and temperature.

This paper is organized as follows. In Section 2 we provide our
theoretical framework for the Hamiltonian, which takes into ac-
count the hexagonal anisotropy. A discussion about our model and
comparison with other works are done in Section 3. Finally, we
summarize our main conclusions in Section 4.
2. Theoretical model

We investigate a c-axis thin film, consisting of a stacking of
atomic layers with equivalent spins, infinitely extended in the x–y
directions. The spins in each monolayer are exchange coupled with
the spins in the first and second neighbour monolayers. The ani-
sotropy is uniform throughout the film and the near surface spins
have reduced exchange energy. The magnetic Hamiltonian is given
by
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In Eq. (1), J1 and J2 describe the exchange interaction between
the nearest and next nearest monolayers respectively,
→
J (n) denotes the total angular momentum per atom in the n-th
monolayer, K6

6(T) describes the hexagonal anisotropy and the last

term is the Zeeman Energy, where the external field
→
H is applied

in one easy direction in the hexagonal plane, making an angle of
30° with the x-axis and g¼5/4 is the Landé factor, corresponding
to a saturation magnetic moment per atom of μ9.5 B.

We use a self-consistent local field model that incorporates the
surface modifications in the exchange field and the thermal
average values 〈 〉J n( ( ) ; = …n N1; ) and the orientation of the spins
in each layer ϕ〈 〉( n ; = …n N1; ) [19,20]. With our model, one can
reproduce (as a way of checking the model), the bulk phases in
Holmium, observed experimentally [21]. Therefore only two ex-
change constants are enough to our intent.

We consider the Ho bulk energy parameters [22], where =J 8,
=J k47 B1 , ϕ= −J J T/4cos ( )2 1 , where ϕ T( ) is the temperature de-

pendent helix turn angle [23]. Also, K T( )6
6 is adjusted so as to re-

produce the temperature dependence [24] of the hexagonal ani-
sotropy energy.

Surface effects are incorporated in Eq. (1) since the spins near
the surfaces have the exchange energy reduced by the absence of
nearest and second nearest neighbors. Therefore only the spins of
the first two planes near the surfaces (n¼1, 2, N�1 and N) are
directly affected by surface effects. However the lack of co-
ordination near the surfaces may be felt by spins deep inside the
film. The helix as a whole accommodates to the combined effects
of applied field, temperature and the reduction of the exchange
near the surfaces.

The equilibrium configuration is obtained from the angles
ϕ = …n N[( ), 1, ]n which minimize the magnetic energy given by Eq.

(1). The numeric algorithm is equivalent to looking for values of ϕn

that make the torque on every spin
→
J n( ) equal to zero. Therefore,

to find out the equilibrium configuration we obtain the profile

ϕ = …{ }n N; 1,n , which makes
→

× ∂
→

∂|
→

| =J n H J n( ) / ( ) 0 for all spins.
The numerical method is described in more detail in [25,26].
3. Results and discussion

We concentrate our analysis on the phase diagrams H–T ob-
tained for Holmium bulk and for thin and ultra-thin films com-
posed by n¼24, 10 and 7 monolayers. We present the H–T diagram
in the temperature interval from 20 K to 132 K. The magnetic
phase transitions are functions of the external magnetic field H,
temperature T, and thickness N. We use the specific heat (magnetic
contribution only), and the magnetic susceptibility to identify the
nature of the magnetic phase transition.

In Fig. 1 we show the H–T diagram of Ho bulk in the tem-
perature range from 20 K to 132 K. When the field is increased on
the isothermal process, there is a phase transition from helimag-
netic phase to fan phase, going to ferromagnetic phase (FM):

→ →Helix Fan FM. For a heating process (isofield process), we can
see up to four transitions. For example, at 8 kOe:

→ → → →FM Fan Helix Fan PM.
In Fig. 2 we show the dependence of isothermal magnetization

with applied magnetic field, for both T¼50 K and 70 K. The mag-
netic susceptibility (inset) for selected values of magnetic field and
temperatures is also presented. We can identify that in the phase
diagram, for T¼50 K and T¼70 K, there are two magnetic phase
transitions: → →Helix Fan FM. For T¼50 K we can see a peak in
the magnetic susceptibility at H¼5 kOe marking the magnetic
phase transition, →Helix Fan and a →Fan FM transition at
H¼7.5 kOe.

The specific heat is also investigated, as shown in Fig. 3. This
contribution was numerically calculated from the difference in the
magnetic energy of Eq. (1), where the energy parameters are
temperature dependent, for T and TþδT, and δ T is a small in-
crement in the value of the temperature [27]. Namely,
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We can see that for H¼6 kOe, the magnetic phase transitions
are marked by the specific heat. The →FM Fan phase magnetic
transition is marked by a deep peak. However, the →Fan Helix
transition is not marked, because the temperature interval which



Fig. 1. Phase diagram of Ho bulk.
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Fig. 2. Isothermal magnetization for Holmium, for both T¼50 K and 70 K. Inset:
magnetic susceptibility for T¼50 K and 70 K.
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Fig. 3. Specific heat of Ho bulk for H¼6 kOe. Several magnetic phase transitions are
observed. Inset: magnetization in isofield process for H¼6 kOe.
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destabilizes the magnetic order is low. It is followed by a peak in
the →Helix Fan phase magnetic transition and by a drop in the

→Fan PM magnetic phase transition. The peak in specific heat,
close to TN, shows the magnetic phase transition, →Fan PM. From
the inset we can notice the various phase transitions (isofield
processes) at H¼6 kOe.

In the inset of Fig. 3 we show the various phase transitions
observed in the magnetization curve for the field 6 kOe, some of
these transitions are also observed in the specific heat curve.
However, the transition, → −Helix Spin slip, at the temperature of
90 K, is not observed in the specific heat curve. This occurs because
these phases are energetically equivalent, so it does not sig-
nificantly alter the specific heat.

In Fig. 4a we show the H–T diagram, describing the magnetic
phases for a Ho film consisting of 24 monolayers. In principle, the
thickness is enough for two helices with turning angle of 30°. But
in this case the magnetic phase diagram is different from the one
in bulk. We can see that the presence of surface induces new
magnetic phases compared with Ho bulk. This occurs because the
surface spins align more easily with the easy axis of the hexagonal
anisotropy than spins from inner atomic layers, due to the reduced
exchange field in the surface region.

The helifan phase is clearly induced by surfaces. There is a
threshold thickness for the stabilization of the helifan magnetic
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Fig. 4. (a) Phase diagram of Ho films with 24 monolayers. (b) Isothermal magne-
tization for T¼107 K. Inset: Spin-slip structure for T¼107 K and 7 kOe.



Fig. 6. Phase diagram of Ho films with 7 monolayers.
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phase. We can see that there is a short region in the diagram re-
ferring to the helifan phase in the temperature interval from
T¼103 K to 128 K and the magnetic field interval from H¼3 kOe to
13.5 kOe.

By examining the phase diagram for a temperature of 107 K one
can observe the following transitions: → → →Helix Helifan Fan FM.
In this temperature we observe the emergence of the magnetic
structure spin-slip [28,29], as shown in Fig. 4b at two intervals of the
magnetic field: the first one is from 3.4 kOe to 4.2 kOe and the second
from 6.2 kOe to 7.7 kOe, comprising the range of the Helix phase. The
inset illustrates how the magnetic moments arrange in the spin-slip
magnetic structure, for =T 107 K. This is due to the fact that the
surface spins align more easily with the easy axis of the hexagonal
anisotropy than spins from inner atomic layers, due to the reduced
exchange field in the surface region. For a given temperature, the
formation of a spin-slip structure requires a modified helical state, in
the inner layers, that fits the restrictions imposed by the surface spins
along two easy directions of the basal plane anisotropy.

Our results evince that in ultrathin Ho films <N( 10 monolayers),
the helimagnetic phase is not stabilized. We can see in Fig. 5 that for
ultrathin films the interval of magnetic field, which leads to a phase
transition, is smaller than the interval of magnetic field in Ho bulk and
thick Ho films. In this case the specific heat measure may be not a
good tool for the identification of the magnetic phase transition. Also,
from Figs. 4a–6, we can observe the emerging of the helifan phase, as
we increase the number of monolayers. It then can be inferred from
our discussion above that this is a surface-induce effect. Also, this ef-
fect is expected for this type of magnetic thin films, as it was reported
in other works [30,31]. With the increasing of the number of mono-
layers ̂ªN( a ¢ 1) this helifan phase will disappear, recovering the H–T
diagram of Ho in bulk, as in (1).
4. Conclusions

In summary, we have studied the magnetic phases of very thin
Ho films in the temperature interval between 20 K and 132 K. The
present study shows the strong influence that the surface and
thickness of a thin film (see Figs. 4–6), associated with the existing
competition between the energies of exchange and magneto-
crystalline anisotropy, exerts on the magnetic order of these sys-
tems, when in the presence of an external magnetic field and
temperature. The slab size, surface effects and magnetic field due
to spin ordering impact significantly the magnetic phase diagram.
Fig. 5. Phase diagram of Ho films with 10 monolayers.
Also, the presence of an external field gives rise to the magnetic
phase Fan and the spin-slip structures observed in Ho originates
from the anisotropy competition between magnetic hexagonal and
exchange energies, causing a significant change in the magnetic
symmetry of the system. Specifically, the helifan phase emerges
due to the presence of surfaces, and to a limit where the film
thickness is twice the period of the helix of the film and have a
strong planar anisotropy of the same order of magnitude of the
exchange energy. The specific heat curves are presented, which
consider only the magnetic contributions. We have shown that all
magnetic phase transitions, for strong enough magnetic fields, are
marked by the specific heat. However, we emphasize that the
specific heat measurements in low temperature are not enough to
mark all magnetic phase transitions, so we consider the magnetic
susceptibility and isothermal and isofield magnetization mea-
surements as more appropriate phase transition markers.

The main experimental technique used to probe the rare-earth
magnetic structures is Neutron and x-ray diffraction. These tech-
niques have been extensively employed in the past to investigate
the properties of those magnetic structures. However, these are
somewhat compromised by the lack of interaction with ultrathin
films [18]. Spin polarized photoemission spectroscopy has been
used to probe the polarization of rare-earth core 4f levels [32] and
the temperature dependence of their valence bands [33], while
tunneling conductance [34] and magnetotransport [35] measure-
ments yielded a positive value for the spin polarization of con-
duction electrons near the Fermi level. This technique is ex-
ceptionally surface sensitive and provides an excellent method to
study the surface-induced magnetic orderings, presented here, in
face of the bulk modes (for example see [12]).
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