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Spin-flop transition near the temperature of magnetic compensation
in amorphous ferrimagnetic Dy-Co films obtained

by ion-plasma sputtering
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A spin-flop transition was observed in amorphous ferrimagnetic Dy-Co, films obtained by ion-plasma sputtering
near the temperature of magnetic compensation. The temperature dependence of the critical field is described in
the framework of the molecular field theory for a two-lattice ferrimagnet. An estimate of the effective constant of

the inter-lattice exchange interaction is made.
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1. Introduction

The amorphous ferrimagnetic films of alloys of heavy rare
earth elements (RE) and transition 3d-metals (TM) have
again drawn an increased attention of researchers in recent
years. This, in particular, is attributable to the demonstrated
possibility of changing the orientation of the magnetization
of the RE-TM film using ultrashort optical pulses without
applying an external magnetic field [1]. It has recently
been shown that the features of this remagnetization process
depend on the rare earth component of the film, including
its magnetic anisotropy [2]. In addition, the phase transition
from a collinear to a non-collinear spin state can significantly
change the ultrafast spin dynamics in ferrimagnetic films
RE-TM [3].

Dy-Co films are characterized by nonmonotonic concen-
tration dependences of the main magnetic properties. These
materials have a characteristic sperimagnetic structure with
a Co content of more than 50,at.%, and a quantitative
description of spontaneous magnetization is possible in
the molecular field model jcite4. A magnetic field-
induced spin-flop transition can be observed in Dy-Co films
near the magnetic compensation temperature Teomp [5].
This paper is devoted to discussing the features of the
spin-flop transition in amorphous ferrimagnetic films of
Dy-Co obtained by ion-plasma sputtering. To do this, the
magnetic properties of the films were studied in a wide
temperature range, including the temperature of magnetic
compensation.
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2. Study methodology

Dyi3.7Cog1.3 films were obtained by co-sputtering on
Corning glass substrates with simultaneous ion-plasma
sputtering of Dy and Co targets in an argon atmosphere.
The composition of the films was controlled by regulating
the power supplied to the targets. The deposition was
carried out on a rotating substrate at a rotation speed of
40 rpm for increasing the uniformity of the composition over
the area of the films. The thickness of the films was 90 nm
at a deposition rate of 9 nm/min. All samples were protected
from oxidation by 5Snm thick buffer and coating Ta layers.
The films were deposited in the presence of a constant
magnetic field of 250 Oe, oriented in the substrate plane.
Transmission electron microscopy (TEM) with JEM-2100
microscope was used for structural studies of the films at
an accelerating voltage of 200 kV. The samples intended for
structural studies were deposited on fresh chips of NaCl
single crystals. The magnetic properties were studied using
the measuring system MPMS-7XL in the temperature range
from 5K to 300K and the magneto-optical Evico Kerr
microscope at a room temperature.

3. Results and discussion

The results of studies using transmission electron mi-
croscopy demonstrate an amorphous structure of the sam-
ples. Figure 1,a shows a TEM image of Dy;g7Cog; 3 film.
It shows a weak contrast characteristic of an amorphous
structure and the absence of microcrystallites. The blurred
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Figure 1. TEM image (a) and microdifraction pattern (b) of the film Dy;s7Cogi 3.

halos observed in the diffraction pattern of the selected area
(Figure 1,5) confirm this conclusion.

Hysteresis loops measured along and perpendicular to
the sample plane indicate that the films have effective
planar magnetic anisotropy. Figure 2 shows as an example
some hysteresis loops of a film of Dy;s7Cog; 3,measured
using a SQUID magnetometer at different temperatures and
orientations of the external magnetic field parallel to the
sample plane. In turn, an induced magnetic anisotropy
was detected in the plane of the samples (Figure 3), the
easy axis of which was parallel to the axis of the magnetic
field present during film deposition. The mechanism of
occurrence of this so-called M-induced anisotropy is well
known [6,7). The value of the anisotropy field for this
film was approximately 2000 Oe, which corresponds to the
anisotropy constant of K ~ 1.8 - 10° erg/em® at M = 180 G.

The temperature dependence of the spontaneous magne-
tization M(T) was determined based on measurements of
magnetometric hysteresis loops at different temperatures. It
was assumed that the value of the residual magnetization
corresponds to the value of spontaneous magnetization.
A low characteristic of ferrimagnets was observed on this
dependence near the compensation temperature (Figure 4).
The ferrimagnetic nature of the studied films is also con-
firmed by the characteristic temperature dependence of the
coercive force He(T) with a local maximum near T = Teomp
(Figure 5). The analysis of the dependencies M(T) and
Hc¢(T) allows concluding that for the film Dy;s7Cos; 3
Teomp = 175K,

Fractures were observed at temperatures near Teomp ON
magnetometric hysteresis loops at a certain magnitude of
the external magnetic field H = H., (Figure 2), which is
characteristic of the spin-flop transition and the occurrence
of a non-collinear magnetic structure in ferrimagnets [8].
The data obtained for H, are summarized in Figure 6.

It is shown that the value of H.; depends on temperature
and decreases as it approaches Tcomp. The expression for H;
is written as follows for a two-lattice ferrimagnet RE-TM in

the framework of molecular field theory [8]:
Hcr:MMRE_MTM" (1)

where Mg and M1y — the magnetization of the sublattices
of rare earth and transition metals, respectively; 4 — the
constant of the interlattice exchange interaction. Solid
lines in Figure 6 are constructed based on experimental
data using the least squares method. The lines intersect
at T~ 175K = Teomp. In addition, the rate of change
of H¢ with temperature is the same at T < Teomp and
T > Teomp (JAHc|/AT =0.6kOe/K), and this behavior
corresponds to the same rate of change of Ms near Teomp
(|6Ms|/AT = 1.6 G/K). This can be considered as addi-
tional evidence that the magnetic properties of amorphous
ferrimagnetic films of Dy-Co can be satisfactorily described
within the framework of the molecular field theory for a
two-lattice ferrimagnet. It should be noted that it follows
from the equation (1) that the value of H., decreases as it
approaches the temperature of magnetic compensation and
turns to zero at T = Teomp When |[Mrg — Mym| = 0. The
experimentally observed value H is minimal near Tcomp,
but is different from zero (Figure 6). Most likely, this
is attributable to the fact that the expression (1) is true
for an isotropic ferrimagnet, while the induced magnetic
anisotropy was formed in the films studied in this paper
in the plane of the films as a result of sputtering in the
presence of a constant magnetic field. Moreover, the impact
of possible chemical heterogeneity in the volume of the
sample is also possible.

The values of the constant of the intersublattice interac-
tion were calculated according to the following expression
based on the sections of hysteresis loops in the region of
fields exceeding H,; [5,8]:

A =3H/0M. (2)

The averaging of the results obtained from several loops
measured at different temperatures yields the value of
A 221000.
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Figure 2. Hysteresis loops of Dys7Cos;.3 film measured at different temperatures and orientations of the magnetic field in the sample

plane.

There is another way to estimate A. It is known that the
dependence M(T) can be adequately described within the
framework of the phenomenological theory of spontaneous
magnetization for amorphous ferrimagnetic films based on
the molecular field model [4,9-12] in the following form

MS(X, T) = |MRE(X, T :O)BR(‘ER)_MTM(X’ T :O)BT (‘ET)L

(3)
where Mi(x, T =0) — sublattice magnetizations of the
ground state, Bj(&) — Brillouin functions describing the
temperature change of sublattice magnetizations, X —
concentration of the rare earth component. The molecular
field for each magnetic sublattice has an intra- and inter-
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sublattice components and is determined by the following
expression

Hi" = 2i (})Mi(x, T) + 4ij ()M (X, T), (4)

where 4;i(x) and Z;ij(x) are constants of intra- and in-
tersublattice interaction, which, in turn, are reduced to
exchange integrals Jrvirm, Jrm-re, JrRere [10].  These
values are parameters of the phenomenological theory
and are determined by approximating the experimental
dependencies Ms(T) using the formula (3). The relationship
between the constant of the inter-lattice interaction 1 = 4;j
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Figure 3. Magneto-optical hysteresis loops of Dyis7Cos;.3 film
measured in the sample plane along (/) and perpendicular to the
easy axis (2). The insert shows a domain structure formed in a
field close to the coercive force of the sample.
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Figure 4. Experimental (points) and calculated (line) temperature
dependence of spontaneous magnetization for the Dyig7Cogi 3
film.

and JpmRg is determined by the expression [5,8]:

23ii(Z)
= Ngui (5)
where Z — the number of nearest neighbors of atoms;
N — the number of atoms per unit volume; grg and
Orm — gyromagnetic factor for RE and TM elements,
respectively; pup — Boron magneton. A solid line in

Figure 4 shows the calculated temperature dependence of
the spontaneous magnetization for the film of Dy;g7Cos; 3.
A good agreement between the calculated and experimental
data was obtained at the value of the fitting parameter
Jrmre = 23 - 10~ erg. The sperimagnetic structure of the

film of Dy-Co was taken into account in the calculation
according to the procedure described in Ref. [7]. The order
of the obtained parameter Jmv.rg agrees well with the data
for other amorphous films of RE-TM [4,9-12]. 1 =2 1000
is found according to the expression (5) using this value
Jrmre and assuming that grg = 4/3, gtm = 2. Thus, two
different ways of determining 4 give the same result.

The obtained values 12 = 1000 coincide with the value
found for the single crystal DyCos 3 [8]. At the same time,
they are approximately five times higher than the values 4
obtained in Ref. [5] for a similar composition of the film of
Dy-Co prepared by thermal sputtering. Such a difference
in the values of 1 is most likely due to the microstructure
of films obtained by different methods, namely, the features
of the short-range order, and above all, variations in the
interatomic distance. In addition, it was suggested that
the microstructure of Dy-Co films obtained by thermal
sputtering may constitute a set of nanoscale crystallites of
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Figure 5. The temperature dependence of the coercive force of
the film Dy;s7Cos; 3.
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Figure 6. The temperature dependence of the critical field for
Dyi5.7Cog1 .3 film obtained when the magnetic field is oriented in
the plane of the sample.
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DyyxCoy of the corresponding compositions, wherein the
size of the crystallites is units of nanometers, which is
characterized as an X-ray amorphous state [14]. In this
case, it is possible that the fractures on the magnetization
curves for thermal films of Dy-Co are not a reflection of
the spin-flop transition, but of a violation of the magnetic
structure of the sample due to the exchange interaction
between crystallites of different composition, similar to how
it was observed in inhomogeneous films of Gd-Co [15].
It is logical to assume that the intensity of the exchange
interaction between the crystallites is less than the intensity
of the exchange interaction between RE and TM sublattices,
which results in a lower value of the effective 4.

4. Conclusion

A spin-flop transition was recorded in amorphous ferri-
magnetic films of Dy-Co obtained by ion-plasma sputtering
near the temperature of magnetic compensation, character-
istic of a two-sublattice ferrimagnet of RE-TM. The tem-
perature dependence of the critical field is well described
in the framework of the theory of the molecular field. The
value of the effective constant of the intersublattice exchange
interaction turned out to be comparable to 4 for a single
crystal of DyCos 3 and several times higher than the same
value for Dy-Co films obtained by thermal sputtering.
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