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a b s t r a c t

The magnetization of a Dy2Fe14Si3 single crystal was measured at 4.2 K in pulsed fields up to 51 T along
the principal axes. The compound orders ferrimagnetically at 500 K, has a spontaneous magnetic moment
of 8 �B/f.u. (at 4.2 K) and exhibits a very large magnetic anisotropy, 〈1 0 0〉 being the easy axis. In fields
applied along the 〈1 0 0〉 and 〈1 2 0〉 axes, field-induced phase transitions are observed at 33 T and at 39 T,
respectively. The c-axis magnetization curve crosses the easy-axis curve at 19 T. At higher fields, for all
eywords:
are-earth intermetallics
2T17

igh magnetic fields
ield-induced transition

directions, the magnetization continues to increase due to further bending of the sublattice moments.
Temperature evolution of magnetic anisotropy and magnetic hysteresis are discussed as well.

© 2011 Elsevier B.V. All rights reserved.
etamagnetism
agnetic anisotropy

. Introduction

Dy2Fe17 belongs to the R2T17 family of rare-earth (R = Ce–Lu)
ntermetallic compounds with late 3d transition metals T. It has
he hexagonal crystal structure of the Th2Ni17 type characteris-
ic for heavy R. As found from single-crystal measurements, the
pontaneous magnetic moment Ms = 16.8 �B/f.u. (per formula unit)
n the ground state is located in the basal plane along the a axis
1–3]. The compound is a collinear ferrimagnet. In such compounds,
eld-induced phase transitions are expected from the collinear fer-
imagnetic structure through canted structure to final collinear
erromagnet. This has indeed observed in Ho2Co17 [4] and later
een shown to occur in many other ferrimagnetic R2Fe17 and
2Co17 compounds with easy-plane type of anisotropy. The high-
eld magnetic transitions, that take place in these compounds if
he field is applied within the basal-plane directions, are based

n the competition between the Zeeman energy (strength of the
pplied field) and the strength of the 4f–3d exchange interaction.
or Dy2Fe17, the transitions at 54 T for magnetic field H along the
-axis [1 0 0] and at 70 T along the b-axis [1 2 0] have been predicted
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zech Republic. Tel.: +420 221912735.

E-mail addresses: andreev@mag.mff.cuni.cz, a.andreev@seznam.cz
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925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.012
[5]. To observe both transitions, one needs magnetic field up to 75 T
which is currently not available for magnetization measurements
of metallic systems. However, if the strength of the intersublattice
coupling is reduced, for example, by dilution of the Fe sublattice,
the transitions can be observed at still high but achievable fields.

A study of the Si solid solutions in R2Fe17, R2Fe14Si3, performed
on polycrystalline samples [6], has revealed a strong modification
of both the intra- and inter-sublattice interactions compared to
R2Fe17. The effect is rather complicated, because the Fe-sublattice
moment is weakened by the dilution with the non-magnetic Si,
whereas the Fe–Fe exchange interaction is unexpectedly enhanced
(TC is 370 K in Dy2Fe17 and 500 K in Dy2Fe14Si3). Our single-crystal
study of Dy2Fe14Si3 [7] has shown that the transition fields indeed
decrease, to 33 and 39 T, along the a and b axis, respectively. In the
present paper we show experimental results in more detail and
perform their theoretical analysis absent in [7].

2. Experimental

The single crystal of Dy2Fe14Si3 of 20 mm length and 4 mm diameter has been
grown by a modified Czochralski method in a tri-arc furnace from a stoichiomet-
ric mixture of the pure elements (99.9% Dy, 99.98% Fe and 99.999% Si). The lattice

parameters determined by X-ray powder diffraction, a = 840.8 pm, c = 826.8 pm, are
in good agreement with the literature [6]. The magnetization was measured along
the [1 0 0] (a), [1 2 0] (b) and [0 0 1] (c) axes by extraction method in steady fields up
to 5 T at 4.2–300 K using a commercial SQUID magnetometer (Quantum Design). The
high-field magnetization has been measured in the Center for Quantum Science and
Technology under Extreme Conditions (KYOKUGEN) at Osaka University, at pulsed

dx.doi.org/10.1016/j.jallcom.2011.02.012
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 2. The same as Fig. 1, for T = 200–300 K.
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elds up to 52 T with pulse duration of 20 ms at 4.2 K. The magnetization curves
resented in this paper have been corrected for demagnetizing field.

. Results and discussion

Figs. 1 and 2 show the magnetization curves measured along the
rincipal axes at different temperatures. It is seen that Dy2Fe14Si3

s a highly anisotropic ferrimagnet with the easy a axis. The fer-
imagnetic arrangement of the Dy and Fe sublattices is manifest
n Figs. 1 and 2, where Ms grows with temperature. It is also
een in Fig. 3, where temperature dependence of magnetization
f Dy2Fe14Si3 in 1 T measured along the easy axis is compared with
hat for R2Fe14Si3 with non-magnetic Y and Lu [8]. The magnetic
sotherm measured with the field applied along the a-axis exhibits

s = 8 �B/f.u. at 4.2 K. If one subtracts this value from Ms = 26 �B/f.u.
or Y2Fe14Si3, which can be considered as the magnetic moment of
he Fe sublattice MFe in Dy2Fe14Si3, the magnetic moment of the
y sublattice MDy is equal to 18 �B/f.u., in fair agreement with 2

ree-ion values of Dy3+ (20 �B).
As seen from Figs. 1 and 2, a pronounced anisotropy within the

asal plane vanishes above 160 K, where the b and a axis magneti-
ation curves coincide. The anisotropy between the basal plane and

he c axis persists at much higher temperatures; the anisotropy field
till exceeds 5 T at 300 K.

At low temperatures, the basal-plane magnetization curves of
y2Fe14Si3 exhibit a characteristic strong hysteresis with a very

ow initial susceptibility, an abrupt saturation in narrow field inter-

T  (K)

Fig. 3. Temperature dependence of magnetization of R2Fe14Si3 single crystals mea-
sured along the a axis in field of 1 T.
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Fig. 4. Hysteresis loops measured along the a axis at different temperatures.

al, rectangular hysteresis loops (Fig. 4) and a drastic exponential
ecrease of coercive field with increasing temperature (Fig. 5). All
hese features agree well with the model of high intrinsic coercivity
f narrow domain walls applicable to highly anisotropic magnets
t low temperatures. However, the easy-plane type of magnetic
nisotropy is usually not strong enough to provide the domain-
all width of the order of several interatomic distances needed

or the effective domain-wall pinning in the framework of this
odel. Then, such a hysteresis is not observed in Dy2Fe17 with-
ut Si, whereas the magnetization and anisotropy of Dy2Fe17 and
y2Fe14Si3 differ only quantitatively. The same situation occurs in

he Tb2Fe17−xSix compounds: a strong hysteresis appears only in
he crystals with Si [9]. On our opinion, the effective domain-wall
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ig. 5. Temperature dependence of coercive field measured along the a and b axes.
he dashed line represents the fit with parameters �0Hc(0) = 0.37 T, U = 43 × 10−23 J.
Fig. 6. Magnetization curves of a Dy2Fe14Si3 single crystal measured along the
principal axes in pulsed magnetic fields at 4.2 K (lines). The symbols represent
steady-field results.

pinning in R2Fe17−xSix with multiaxial (e.g., easy-plane) magnetic
anisotropy originates from the concentration inhomogeneities at
the microscopic level, which are always present in quasibinary
systems.

Fig. 6 shows high-field magnetization curves at T = 4.2 K. The
c-axis curve crosses the easy-axis a-curve at 19 T. If this value is
regarded as the anisotropy field Ha, the corresponding uniaxial
anisotropy energy Ea amounts to 3.2 MJ m−3 (58 K/f.u.). The c-axis
magnetization, however, continues to grow smoothly above 19 T,
no phase transition taking place at this point. Such a behavior is
characteristic of strongly anisotropic ferrimagnets magnetized in a
hard direction [10]. In this case the notion of anisotropy field is not
meaningful, because the magnetization process consists of not only
rotation of the total magnetic moment toward the field direction
but also of field-induced non-collinearity of the ferrimagnetically
coupled sublattices.

In the field range from 30 to 33 T, the a-axis magnetization
exhibits a strongly hysteretic transition. A similar, but much less
hysteretic transition is found at about 39 T if the field is applied in
the b-axis direction, the hard magnetization direction in the easy
plane. If the general interpretation is applied to the a-axis magneti-
zation of Dy2Fe14Si3, it means that the low-field collinear magnetic
structure, in which the Dy moments lie along the a axis in the basal
plane, antiparallel with the Fe moments, is broken around 30–33 T
and a transition takes place to a moment configuration in which the
Dy moments jump to another easy direction and in which Zeeman
energy is gained at the expense of intersublattice exchange energy.

Fig. 7 displays theoretical magnetization curves along the three
principal axes up to field-induced ferromagnetic state. The start-
ing point for the calculations was the following non-equilibrium
thermodynamic potential [11]:

˚ = �MFe
•MDy − (MFe + MDy)•H + Ea (1)
here the first term describes the Fe–Dy exchange, � > 0, while
the second one describes Zeeman’s interaction with applied mag-
netic field. The last term is the anisotropy energy; in general,
it depends on orientations of both sublattice vectors, MFe and
MDy, with respect to the crystal axes. In this work, however,
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he dependence on MFe is neglected because the corresponding
nisotropy energy is small, ∼1 MJ m−3, as known from R2Fe14Si3
ith non-magnetic R [8]. Our consideration is limited to low

emperatures, so we assume for the magnetic moment of the
y sublattice |MDy| = MDy = const. = 20 �B/f.u., i.e. it is taken equal

o the free-ion value. The moment of the Fe sublattice is
scribed to the difference between the total moment and |MDy|:
MFe| = MFe = const. = 28 �B/f.u. We find it convenient to introduce
he following dimensionless quantities:

= ˚

�M2
Fe

, h = H

�MFe
, m = MDy

MFe
, εa = Ea

�M2
Fe

(2)

Denoting as ˛ and ˇ the angles between the applied mag-
etic field and the Fe- and Dy-sublattice moments, respectively,
e rewrite the thermodynamic potential (1) as follows:

(˛, ˇ) = m cos(˛ + ˇ) − h cos ˛ − mh cos ˇ + εa(ˇ) (3)

n accordance with the above, the anisotropy energy depends on ˇ
ut not on ˛. The specific form of this dependence is dictated by
he orientation of applied magnetic field.

||a, b : εa(ˇ) = ±�4 cos 6ˇ (4)

ith

4 =
∣
∣K4

∣
∣

�M2
Fe

(5)

here K4 is the conventional basal-plane anisotropy constant of the
exagonal crystal. The upper (lower) sign in Eq. (4) corresponds to
pointing in the hard (easy) magnetization direction in the basal

lane.

||c : εa(ˇ) = �1 sin2 ˇ (6)

ith
1 = K1

�M2
Fe

(7)

1 being the conventional first anisotropy constant of the hexag-
nal crystal. Allowing for higher-order anisotropy constants, K2
ompounds 509 (2011) 5042–5046 5045

and/or K3, proved unnecessary. Their effect on the magnetization
curves was found to be insignificant.

The calculation of the magnetization curves consisted in mini-
mizing the function ϕ(˛,ˇ), Eq. (3), for a given h and substituting the
obtained equilibrium orientation angles ˛ and ˇ into an expression
for reduced magnetization,

� = cos ˛ + m cos ˇ

1 − m
(8)

for H||a,b the minimization was carried out numerically, following
the simple algorithm given in Ref. [11]. In the case of H||c parametric
expressions for � vs. h were used, Eqs. (15) and (16) of Ref. [10]. In
order to convert the obtained dependence �(h) to M(H), the ordi-
nates have to be multiplied by the known spontaneous moment,
Ms = 8 �B/f.u., and the abscissas by the molecular field on Dy, �MFe.
The latter is evaluated by the method proposed in Ref. [11]: know-
ing the relative height of the magnetization jump at �0H1 = 31.5 T,
��1 = 0.32, one finds from Eq. (14) of Ref. [11] the corresponding
dimensionless critical field, h1 = 0.34. Then �MFe = �0H1/h1 = 93 T.

Eq. (3) contains model parameters of two kinds: whereas the
sublattice moments ratio m is a known quantity, m = 20/28 = 0.714,
�1 and �4 are adjustable parameters. The magnetization curves
are not particularly sensitive to the anisotropy constants, so these
cannot be determined but rather approximately: �1 = −0.04 and
�4 = 0.002, or K1 = −70 K/f.u. and K4 = −3.5 K/f.u.

4. Conclusions

Comparing the calculated magnetization curves with experi-
ment (see Fig. 7, inset), one observes good agreement. The chosen
model [11] seems to provide an adequate description of the high-
field magnetization process in Dy2Fe14Si3. One notes in particular
that, according to the theoretical prediction, the magnetization
jumps observed at 33 T and 39 T are the only ones and that fur-
ther magnetization up to full saturation at about 160 T should
proceed continuously. This is at variance with an earlier professed
view [5] that a basal-plane magnetization curve of a hexagonal
easy-plane ferrimagnet should always contain as many as three
discontinuities. According to a more refined analysis [11], the
number of discontinuities is determined by the strength of the
basal-plane anisotropy in relation to the intersublattice exchange.
This number can lie between zero in the case of extremely weak
anisotropy and three in the strongly anisotropic case. In Dy2Fe14Si3
one deals apparently with an intermediate case, with a sin-
gle discontinuity in the magnetization curves along the a and b
axes.
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