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Magnetization Process in Holmium: Easy Axis Spin Reorientation Induced
by the Magnetostrictive Basal Plane Distortion
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We report on the change of the easy axis direction in holmium, from the a to the b axis, under the
application of a magnetic field in the basal plane. This spin reorientation is observed by measuring the
magnetic torque in Ho, /Lu,;s superlattices (n and 15 are the number of atomic planes in the Ho and Lu
blocks). We also observe that, at the field H, and temperature at which the reorientation occurs, both axes
are easy directions. Based on the fact that the field H, depends on n in the same way as the field-induced
magnetoelastic distortion does, we propose that this spin reorientation originates from the strong field-
induced magnetoelastic deformation within the basal plane. The modulation of the « strains with sixfold

symmetry originates a 12-fold term in the magnetic anisotropy energy.
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Field-induced magnetic order can be driven by decreas-
ing the energy gap between quantum levels, as in quantum
antiferromagnets [1], decreasing the Zeeman energy of one
magnetic phase, as in the spin-flop transition [2], or mod-
ifying the magnetoelastic (ME) and exchange energies
with respect to the zero field phase, which is the case of
rare earth metals [3]. Thus, the field-induced spin reorien-
tation can reveal the nature of the interactions that play a
role in the magnetism of magnetic materials. For example,
the Dzyaloshinskii-Moriya interaction has been addressed
as the physical origin for the second order field-induced
spin reorientation observed in weak antiferromagnetic ox-
ides at temperatures below 4 K [4]. In rare earth metals,
like terbium and holmium, the magnetic anisotropy energy
density, e,, is comprised of exchange, crystal-field, and
ME energies, all of them with different strengths and tem-
perature dependencies [5,6]. The strain dependence of the
ME contribution to e, opens up the possibility of studying
the magnetic anisotropy in magnetic phases with different
irreducible deformations and, therefore, different contribu-
tions to e,: ferromagnetic phase with an orthorhombic
distortion and helical phase with an undistorted hexagonal
crystal lattice (clamping effect) [7]. Thus, a field-induced
spin reorientation of the easy axis in the plane could be
expected as long as the magnetic anisotropies in the ferro-
magnetic and helical phases had opposite sign.

In this Letter, we report on the observation of such a kind
of spin reorientation in Ho,/Lu;s superlattices (SL’s),
where the subscripts stand for atomic planes and 8§ < n <
85. Magnetic torque measurements, as a function of the
applied magnetic field H,, indicate that the absolute mini-
mum of e, depends on H, in such a way that the a axis
becomes easier than the b axis for H, below a certain
critical field Hy. Based on the dependencies of H, and
the ME stress with n, we propose that the field-induced ME
distortion, which is not a linear function of H_, is the origin
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of the spin reorientation. Our experiments also indicate
that, depending on H, and 7', not only b but also the a axis
are simultaneously magnetic easy directions. This obser-
vation implies the existence of a 12-fold symmetry in e,,.
We suggest that the second harmonic of the sixfold sym-
metry stems from the elastic response to the sixfold ME
distortion that preserves the hexagonal symmetry.

In holmium, neutron diffraction and x-ray magnetic
scattering experiments [8—11] show, at zero field, a basal
plane helix below the Néel temperature Ty = 132 K. At
T = 18 K a ferromagnetic component along the ¢ axis is
observed, forming a cone structure [8,11] that is sup-
pressed in Ho/Lu [12] and Ho/Y [13] SL’s. At low tem-
perature, spin-slips, with the magnetic moments along the
b axis, are observed [10]. The application of a magnetic
field within the basal plane may change the helix phase into
fan and helifan structures (depending on the temperature)
before the Ho layers become ferromagnetic [10]. In Ho/Y
SL’s the ferromagnetic phase takes place at field values
higher [14] than those observed for bulk Ho [9] at the same
temperature; in Ho/Lu SL’s the opposite occurs [15]. The
latter SL’s also show ferromagnetic order in the basal plane
of the Ho blocks for n < 20, at temperatures below 40 K
[12]. Neutron scattering experiments suggest that the fer-
romagnetic transition can only proceed after the helix
becomes commensurate with the wave vector (1/6)c*
[16], where c* is the reciprocal lattice vector.

The SL’s studied in this work have been grown by using
a molecular beam epitaxy system. The growing procedure
for which the description can be found elsewhere [13], is
designed to obtain holmium and lutetium layers with the
basal plane parallel to the substrate plane. The measure-
ment of the magnetic anisotropy was performed by means
of a vectorial magnetometer by applying the magnetic field
within the basal plane. The magnetometer measures the in-
plane components of the magnetization, M; longitudinal
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M), and transversal M,, to H,, as a function of the
azimuthal angle ¢, formed by M and the a axis. The
sample is rotated 360 degrees about the ¢ axis, although
in the figures, for clarity, only one third of the rotation is
shown. The applied field ranges from 10 to 20 kOe and the
temperature is varied between 10 and 100 K. The anisot-
ropy constants are obtained from the Fourier analysis of the
magnetic torque: I'), = H,M | = —de,/dg.

In a previous paper [17] we have determined, in the
Ho,, /Lu,s series, the magnetic anisotropy constant associ-
ated with the in-plane anisotropy K¢. The dependence of
K¢ with n is explained including a term due to the ME
distortion that breaks the hexagonal symmetry by 7 strains,
K, , and crystal-field and ME terms invariable under the «
representation of the hexagonal symmetry, K, [17,18]. The
latter ME terms preserve the hexagonal symmetry since
they are associated with the isotropic expansion €,;, and
with the tetragonal distortion that changes the ¢/a ratio,
€42- The K, term has a positive value, which means that
the b axis is the easy direction, independently of n, but K,
could be either positive or negative depending strongly on
the epitaxial strain induced on the holmium layers.
Nevertheless, Kg at 0 K is positive for all the samples
studied [17]. This fact is presented in Fig. 1, which shows
M|(¢) and M, (¢) for two SL’s with n = 22 and 85, at
T =30 K for H, = 20 kOe; at this field M is saturated
and the SL’s are in a ferromagnetic state. We observe that
the curves have a sixfold periodicity: M) has a maximum
every 60 degrees and M | crosses through zero at the angles
for which M| is either maximum or minimum. In this
representation a negative slope in the M | (¢) curve means
that e, has a minimum along the corresponding crystallo-
graphic direction, that for the curves in Fig. 1 is the b axis.

At temperatures higher than 30 K we observe that the
M | (¢p) curves exhibit a shoulder between two easy direc-
tions, as it is illustrated in Fig. 2(a) for the Hosy/Lu,;s SL,
for H, = 20 kOe and T = 50 K, at the direction where the
a axis is located. Modeling this feature requires the intro-
duction of a 12-fold contribution in e,(¢). Eventually, for
lower fields [see Fig. 2(b), H, = 15 kOe] or higher tem-
peratures [see Fig. 2(c) for H, = 20 kOe and Fig. 2(d) for
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FIG. 1. Longitudinal, M) (solid circles), and transversal, (open
squares) M |, (proportional to the magnetic torque) components
of M with respect to the applied magnetic field on the plane at
T=30K and for H,=20kOe for (a) Hoy/Lu;s and
(b) Hogs/Lu,5 (¢ is the angle formed by M and the a axis).

H, = 15 kOe, at T = 60 K], the M | (¢) curve around the
a axis becomes characteristic of an easy direction since
the slope of M is negative, as happens at the b axis.
Thus, the observation of not six but 12 easy directions
for M in the plane suggests the existence of a 12-fold
symmetry. To determine the easier axis, besides analyzing
the torque curve, M| (¢) can be evaluated. Thus, from
Fig. 3 that shows M|(¢) and M (¢), at 50 K, for the
Hogs/Lu;s SL, for H, = 12.5, 15, 17.5, and 20 kOe, a
shift in the maxima of M)/(¢) from the a axis at 12.5 kOe
[see Fig. 3(a)] to the b axis at the remaining H, values,
Figs. 3(b)—3(d), prove the existence of a field-induced spin
reorientation.

The anisotropy energy density, relative to the basal
plane, is written as: e,(¢p) = K¢ cos6¢ + K|3 cos12¢.
Since M, =T,,(¢)/H,, the fit of (1/H,)(—de,(¢)/d)
to M, (¢) [see the continuous line in Figs. 3 and 4]
provides the values of K¢ and K3 for each H, and T.
The data indicate that K¢ changes from negative to positive
values with increasing H,. Figure 4 shows, as a function of
n, for T =50 K, the values of H, for which Kg =0,
namely H, (solid circles), and the critical fields [19] that
separate magnetic phases (open circles). For n < 30 there
is only one critical field marking the transition from the
helix to the ferromagnetic state, if n > 30 two points are
identified, which are interpreted as the boundaries for an
intermediate fan phase. We note that in bulk Ho the fan
phase appears at about 40 K [9]. Also in Fig. 4, the lines
correspond to the field values for which the ME vy stress is
about 15%, 85%, and 90% of the saturation value [20]. We
observe that Hy, is located in the area of the ferromagnetic
phase and follows the trend of the ME stress, suggesting a
correlation between H, and the ME stress. Based on this
observation, we propose that the spin reorientation stems
from the variation of the ME anisotropy energy due to the
strong 7y-lattice distortion induced by the applied field,
which favors the b axis as an absolute minimum in e,,.
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FIG. 2. M, (solid circles) and M, (open squares), for a
Hoso/Lu;s superlattice at T =50 K and H, (a) 20 kOe,
(b) 15 kOe and T = 60 K (¢) 20 kOe, (d) 15 kOe.
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FIG. 3. M, (solid circles) and M, (open squares), for a
Hogs/Lu,s superlattice at T =50 K and H, (a) 12.5 kOe,
(b) 15 kOQe, (c) 17.5 kOe, and (d) 20 kOe.

Figure 5 shows the dimensionless surface e(¢) =
K cos6¢ — cosl2¢, for K ranging from —8 to 8; e(¢)
can be related to e,(¢) by changing K — K¢/|K3| and
e(¢p) — e, (¢)/IK!2|. Thus, assuming that e, had the an-
gular dependence drawn in Fig. 5, the I',,,(¢) curves mea-
sured for the Ho/Lu SL’s could be obtained in terms of a
single parameter. For K > 4, the minima and maxima of e
are at the b and a directions, respectively. This case
corresponds to the curves presented in Fig. 1. For K = 4
the maxima of e(¢) at the a directions are quite flat, while
below K = 4 (see Fig. 5) the maxima split into two peaks
whose angular separation increases as K decreases, appear-
ing minima at the a directions. To this region in the e(¢)
surface corresponds the measurements showed in
Figs. 2(a)-2(c), 3(c), and 3(d). Because of the presence
of a 12-fold symmetry, at K = 0, e(¢p) shows a clear
cosl2¢ shape, as it is reflected in the torque curves of
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FIG. 4. H, (solid circles) and critical fields for magnetic phase
transitions (open circles) for Ho, /Lu;s SL’s as function of the
holmium thick spacer n. The lines represent the field for which
the ME v stress is about 15% (thick continuous line), 85%
(dashed line) and 90% (thin continuous line) of the saturation
value. All the quantities are evaluated at 7 = 50 K.

Figs. 2(d) and 3(b). For K < 0, the absolute minima of the
e(¢) is at the a axis; this is the situation shown in Fig. 3(a).
For K < —4, the b direction becomes the maxima of e(¢).
The main physical reason for changing K can be associated
with the contribution to Kg due to the y-ME stress of the
Ho/Lu SL’s (K,). Thus, starting at the field-induced fer-
romagnetic state at 0 K, if H, decreases or T increases, the
ME v distortion decreases and also Ky. Therefore, K,,
which favors the a axis as minimum in e,, may overcome
K, because of the much stronger field dependence of the y
strain compared with the « strain. Thus, this competition
between ME contributions to e, yields the field-induced
spin reorientation observed in Fig. 3.

In order to explain the presence of the 12-fold symmetry,
we consider the existence of a sixfold ME stress and the
accompanying elastic reaction. This intrinsic contribution
has its maximum strength at the a and b axes that are the
directions at which the ME stress produces the maximum
striction, either with tensile or compressive character. This
contribution is usually described for cubic materials [21],
but can be straightforwardly extended to the hexagonal
symmetry. We take as starting point the elastic and ME
energy densities belonging to the « representation, I'®. By
symmetry considerations these strains may contain a
cos6¢ term. Thus, if M is within the basal plane, the
sum of the ME and elastic energy densities belonging to
I*ise, = —(B% €, + B%€,,) cos6¢ + (1/2)cy €%, +
Ca3€q1€ar + (1/2)con€%, + B [5]. The B’s and the c’s
are, respectively, phenomenological irreducible ME and
elastic coefficients, and B includes ME terms without a
¢ dependence. Minimization of e, provides the equilib-
rium strains (magnetostriction), €,, which are

66 _ RO66
_ _BalCaz Ba26a3
€al = — 2
Ca1Ca2 ca3

cos6¢p + B, (1)

where B,; does not depend on ¢ [E,, is obtained by
exchanging a1 < a2 in the subscripts of Eq. (1)]. Now,
inserting the equilibrium strains in e,, an expression like
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FIG. 5 (color online). Dimensionless density energy surface,
e(¢p) = K cosb¢p — cosl12¢. This surface can be related to e, ()
if K = K3/IK{3| and e($) = e,(¢)/IK}3l.
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K¢\ cos6¢ + K3 cos12¢ is obtained, with
232613?1620613 — (BgGI)2Ca2 B (3262)26&1

K -
4(calca2 - c¢213)

2

Sixfold exchange anisotropy has been reported in other
rare earth like terbium [6] and cannot be excluded in the
analysis of the spin reorientation observed in the Ho/Lu
SL’s. For this reason the K and B coefficients reflect the
hexagonal symmetry in a phenomenological way, since in-
cluding the exchange anisotropy is a complex issue. For
instance, in terbium, the strength of this contribution de-
pends not only on the temperature but also on the q vector
of the spin wave excitations [6].

The complex phase diagram of holmium [9] has been
described assuming that the a axis is a hard direction.
Nevertheless, we have shown that in the helix and fan
phases, which correspond to a field interval in which the
spin reorientation is observed, the magnetic state has both
the a and b directions as easy axes. We think that this
observation provides a new framework to explain the Ho
phase diagram for magnetic field applied in the basal plane
since, as deduced from our experiments, the field variation
of the magnetic anisotropy energy has to be taken into
account to determine the stable structure that satisfies the
exchange and anisotropy energies in bulk Ho and SL’s.

In conclusion, a spin reorientation, from the a to b axis,
is identified as a function of the strength of the applied
magnetic field in the plane. We explain this magnetic phase
transition as a result of the competition between the ME
and magnetocrystalline contributions to the hexagonal
magnetic anisotropy. An unexpected symmetry, that corre-
sponds to the second harmonic of the sixfold plane sym-
metry, is also observed. We propose that its origin is the
modulation of the ME strain, belonging to I'“, together
with the hexagonal symmetry and the strong ME coupling.
The main result is that, contrary to conventional wisdom,
the magnetic easy axes directions can simultaneously be
along the a and b axes due to the ME strain.

We acknowledge the financial support of Spanish MCyT
(Grant No. MAT2003-00893) and DGA (Grant No. E26).
L. B. thanks Fundaciéon Ramén Areces for a predoctoral
Grant and M. C. thanks Ministerio de Educacién y Ciencia
for financial support.

*Present address: Cavendish Laboratory, Department of
Physics, University of Cambridge
Corresponding author: arnaudas @unizar.es

(1]
(2]

(3]
(4]
(3]

(6]
(71

(8]
(91
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]
(21]

227204-4

O. Vyaselev, M. Takigawa, A. Vasiliev, A. Oosawa, and
H. Tanaka, Phys. Rev. Lett. 92, 207202 (2004).

N.J. Poulis and G. E. G. Hardeman, Physica (Utrecht) 18,
201 (1952).

A. del Moral and E. W. Lee, J. Phys. C 8, 3881 (1975).
M. D. Lumsden, B. C. Sales, D. Mandrus, S. E. Nagler, and
J.R. Thompson, Phys. Rev. Lett. 86, 159 (2001).

J. Jensen and A.R. Mackintosh, Rare Earth Magnetism:
Structures and Excitations (Clarendon Press, Oxford,
1991).

J. G. Houmann, J. Jensen, and P. Touborg, Phys. Rev. B 12,
332 (1975).

E.A. Turov and V.G. Shavrov, Fiz. Tverd. Tela
(Leningrad) 7, 217 (1965) [Sov. Phys. Solid State 7, 166
( 1965)].

W.C. Koehler, J.W. Cable, M. K. Wilkinson, and E.O.
Wollan, Phys. Rev. 151, 414 (1966).

W. C. Koehler, J. W. Cable, H.R. Child, M. K. Wilkinson,
and E. O. Wollan, Phys. Rev. 158, 450 (1967).

J. Jensen and A.R. Mackintosh, Phys. Rev. Lett. 64, 2699
(1990).

G. Helgesen, J. P. Hill, T.R. Thurston, D. Gibbs, J. Kwo,
and M. Hong, Phys. Rev. B 50, 2990 (1994).

P.P. Swaddling, R. A. Cowley, M. R. Wells, R. C. C. Ward,
K.N. Clausen, and D.F. McMorrow, Phys. Rev. B 53,
6488 (1996).

D.A. Jehan, D.F. McMorrow, R.A. Cowley, R.C.C.
Ward, M.R. Wells, N. Hagmann, and K.N. Clausen,
Phys. Rev. B 48, 5594 (1993).

M. Ciria, J. 1. Arnaudas, A. del Moral, G.J. Tomka, C. de
la Fuente, P.A.J. de Groot, M.R. Wells, and R.C.C.
Ward, Phys. Rev. Lett. 75, 1634 (1995).

P.P. Swaddling, R. A. Cowley, J. A. Simpson, M. R. Wells,
R.C.C. Ward, D.F. McMorrow, K.N. Clausen, M. F.
Collins, and W.J.L. Buyers, J. Magn. Magn. Mater. 140,
783 (1995).

P.P. Swaddling, D.F. McMorrow, J. A. Simpson, M.R.
Wells, R. C. C. Ward, and K. N. Clausen, J. Phys. Condens.
Matter 5, L481 (1993).

L. Benito, J.1. Arnaudas, M. Ciria, C. de la Fuente, A. del
Moral, R.C.C. Ward, and M. R. Wells, Phys. Rev. B 70,
052403 (2004).

L. Benito, J.I. Arnaudas, M. Ciria, C. de la Fuente,
and A. del Moral, J. Phys. Condens. Matter 16, 7151
(2004).

The critical fields of these superlattices have been ob-
tained from magnetization measurements with H, along
the b direction by taking the maximum of the first deriva-
tive of the magnetization curves.

M. Ciria, Ph.D. thesis, Universidad de Zaragoza, 1997.
A. del Moral, Magnetostriction: Basic Principles and
Materials (Institute of Physics, London, 2005).



