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Temperature-dependent magnetic properties of ferrimagnetic DyCo, alloy films
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Synchrotron soft x-ray magnetic circular and linear dichroism (XMCD and XMLD) spectroscopies at the
Dy M, s and Co L, 3 edges are reported to investigate the temperature-dependent magnetic properties of rare
earth—transition metal DyCo; alloy films. In a temperature region between 4.4 K and 300 K, the two sites of Co
and Dy are ferrimagnetic alloy coupled, with the Dy magnetization aligned to the applied field as the dominant
site. The combined method of XMCD and XMLD and the application of the sum rules allows one to monitor
the detailed changes in the magnetic contribution from both sites separately. It reveals that Dy possesses a very
large moment of 8.2 g /atom at low temperatures. At higher temperatures, the reduction of the total magnetic
moment is dominated by the behavior of the Dy magnetic moments which exhibit a steeper decrease, especially
in the temperature regime between 150 K and 200 K. The reoccupation of the Zeeman split levels of the 4 f sites

of Dy indicates that thermal fluctuations are the driving force.
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I. INTRODUCTION

The rich magnetic phases and the straightforward way
to control their magnetic properties have made amorphous
alloys consisting of rare earth (RE) and 3d transition metal
(¢-RE-TM alloys) extremely interesting for applied as well
as fundamental studies of magnetism. Particularly, alloys
with heavy RE sites such as Gd, Dy, or Tb have been
investigated since the 1980s and considered as extremely
promising candidates for perpendicular recording media due
to their inherent perpendicular anisotropy in thin films [1,2].
Recently, «-RE-TM alloys were further utilized in magnetic
hybrid structures exhibiting strong exchange bias (EB) effects
[3-6]. Here, the ferrimagnetic (FI) nature of «-RE-TM alloys
with heavier RE elements was used to replace the hard
antiferromagnetic (AF) layer [5] as well as even the soft
magnetic ferromagnetic (FM) component [6] in EB systems
enabling one to construct an EB mechanism where the
switching of the sign of the EB field can be governed by
the application of low magnetic fields avoiding the laborious
field-cooling procedure which is necessary in conventional
exchange bias systems using AF/FM components. Another
intriguing experiment was carried out to study ultrafast
dynamic switching phenomena in -RE-TM alloys [7]. It was
shown that under certain conditions the combination with a
TM site significantly enhances the switching time of the RE
component, which may be extremely important with respect
to the use of RE sites for future spintronics devices.

Even though the fascinating nature of these «-RE-TM
alloys has been extensively studied and used for decades, the
precise coupling mechanism between both magnetic sites as
well as the origin of the inherent anisotropy in these amorphous
systems are still not completely understood. Detailed band
structure calculations could demonstrate that the polarization
of the 5d bands overlapping with the strongly localized 4 f
states in the RE site is one of the keys to explain how the
itinerant magnetism of the RE sites is coupled so strongly
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with band magnetism of the TM sites [8]. In heavier RE, the
antiferromagnetic polarization of the 5d bands with respect to
the 4f band results in an antiferromagnetic coupling between
the RE and TM leading to the ferrimagnetic nature of many «-
RE-TM alloys. While at low temperature the magnetic moment
of the RE site is in general dominating, the magnetic moment
of the TM site becomes finally larger above the compensation
temperature, at which both magnetic contributions cancel
out, reducing the overall moment of the alloy to zero. The
compensation temperature of such «-RE-TM alloys may be
tuned by changing the ratio of constituent elements [9].

For the investigation of the coupling behavior between
these two magnetic sites an investigation tool is needed which
allows one to probe the different magnetic contributions of
the system in a very detailed way. The element-specific x-ray
magnetic circular (XMCD) and linear dichroism (XMLD) are
ideal techniques, particularly for the investigation of such
amorphous systems consisting of two magnetic constituents.
They allow one to probe the magnetism of both sites separately
by tuning the x-ray energy to the particular absorption edges,
thus being only sensitive to one specific magnetic site at
a time. In this paper we study the magnetic behavior of
a-RE-TM alloys consisting of Dy as the RE and Co as the
TM component in a composition ratio of about one to three
which will be denoted here as DyCoj;. At this ratio, the Dy site
dominates the magnetic contributions in the alloy far above
room temperature [10]. However, strong changes in the total
magnetic moment as well as in the anisotropy of the system
are expected already below 300 K due to different temperature
dependence of magnetic order parameters between the Dy and
Co sites. In the following we present the results of detailed
temperature-dependent XMCD and XMLD measurements
from 4.4 to 300 K, and discuss the temperature dependence of
the magnetic behavior of DyCo; by applying the sum rules.

II. SAMPLES AND EXPERIMENTAL SETUP

DyCo; samples were prepared by magnetron sputtering
(MAGSSY chamber at BESSY) in an ultraclean argon
atmosphere of 1.5 x 1073 mbar with a base pressure of
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p <5 x 107° mbar at the deposition temperature of 300 K.
The stoichiometry of the ferrimagnetic alloys was controlled
by varying the deposition rate of separate chemical elements
in a co-evaporation scheme. Si3;Ns membranes with a surface
area of 5 x 5 mm? and a thickness of 100 nm were used as
substrates for the soft x-ray transmission measurements. A
capping layer of 3 nm of tantalum (Ta) was grown on the
50 nm thick DyCojs layer to prevent surface oxidation.

X-ray absorption (XAS), XMCD, and XMLD spectra at
the Co L3 and Dy M,4s edges were measured at tem-
peratures from 4.4 K to 300 K in transmission geometry
at synchrotron-SOLEIL using the 7T cryomagnet installed
on the DEIMOS (Dichroism Experimental Installation for
Magneto-Optical Spectroscopy) beamline [11]. The XMCD
studies were carried out using x rays of circular right (CR) and
left (CL) polarizations with a magnetic field of uoH =7 T
applied along the x-ray beam, while the XMLD was measured
with linear polarized (with E//H or ELH) x rays with
a magnetic field of uoH =2 T applied along the sample
(perpendicular to the beam). For the magnetic sensitivity to the
individual magnetic elements, the characteristic energies for
the Co L, 3 and the Dy M, 5 edges were selected. The XMCD
and XMLD data were recorded as (c ™ — o ~) and (o, — o//),
respectively, where o and o~ denote the absorption cross
section for right and left circular polarized x rays and o, and
o0/, the absorption cross section for linear polarized x rays
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with an external magnetic field applied perpendicular (LV)
and parallel (LH) to the propagation direction of the x rays.
The magnetic hysteresis measurements were performed by
taking the difference of (¢ — o~) with the photon energy for
the x-ray beam set to the value at the L3 edge of Co or M5
edge of Dy where the XMCD signal is maximized. As using
transmission measurements [24] the experimental XMCD and
XMLD were extracted as the logarithm of the ratio of the
transmitted x-ray intensities of different polarization states
(CR and CL) or for orthogonal magnetic field orientations,
respectively.

III. EXPERIMENTAL RESULTS
A. Result of XAS and XMCD measurements

Figure 1 shows the XAS and XMCD spectra measured
at the Co L, 3 and Dy M, s edges at the two temperatures
of 44 K and 300 K. At both temperatures strong XMCD
signals for both elements, Co and Dy, are observed. With the
temperature increasing from 4.4 K to 300 K, the XMCD signal
for Co exhibits a small reduction in magnitude of only about
10% but no significant changes in the line shape indicating
that for this temperature range the magnetic properties for Co
remain nearly unchanged. In the case of Dy the XMCD signal
undergoes a considerable change with temperature, as revealed
by the occupation of the Zeeman split4 f states, denoted as My
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FIG. 1. (Color online) XAS and XMCD spectra with the magnetic field applied normal to the film plane for Dy M, s edges at 4.4 K (a)
and 300 K (b) and Co L, 3 at 4.4 K (c¢) and 300 K (d). For both temperatures, the negative XMCD signal at Dy M, s edges indicates that
the magnetization of Dy is parallel while the positive XMCD signal at Co L3 indicates the magnetization of Co is antiparallel to the external
field, resulting in a ferrimagnetic coupling in the alloy. The photon energies of Dy Ms and Co L3 which are used for the magnetic hysteresis

measurements are marked in the figures.
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states. The origin of the dichroism for RE in general and for Dy
in particular resides in the unequal occupation of the M states,
which follows the Boltzmann distribution and is determined
by the competition between Zeeman splitting energy uggH
and thermal fluctuation kg7 [12]. At a low temperature of
4.4 K where the thermal energy is significantly smaller than
the magnetic splitting, the lower-lying Zeeman level M; =
—15/2 has higher priority to be occupied while at 300 K
there exist more occupied higher-lying M; # —15/2 states,
resulting in the change of the XAS line shape as observed
here. This reshuffle of the different substates is accompanied
with a strong decrease of the magnetic moment at the Dy site
as can be clearly seen in the reduction of the XMCD signal
at T = 300 K [see Fig. 1(b)]. At even higher temperatures all
the states (from —15/2, —13/2, ..., to 15/2) are occupied
randomly and the XMCD signal will eventually disappear.
One should note that the XMCD signals (6™ — o ~) for Co
and Dy have different signs at both temperatures, showing
their antiparallel alignment with the dominant Dy moments
aligned parallel to the applied magnetic field at 4.4 K and
300 K. As already pointed out above, the DyCo; alloy is a
ferrimagnet with its compensation temperature above room
temperature (Tcomp =~ 380 K), which is reasonable since the
Teomp for DyCos and DyCos 35 are around 120 K [6] and 300
K [9,13], respectively, and thus no change of the magnetic
dominant site is expected, even at room temperature.

The temperature dependence of the absorption spectra for
the left and right circularly polarized x rays as well as for
the resulting XMCD signal at the Dy M5 edge are shown in
Fig. 2. Here one should notice that the changes in the behavior
are most dominant in a temperature range from 150 K to
200 K where the temperature-dependent occupation of the
higher Zeeman splitting M states is particularly enhanced.
The XMCD signal decreases most drastically from 150 K to
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FIG. 3. (Color online) Hysteresis measured at Co L; edge and
Dy Ms edge with the magnetic field applied out-of-plane and the
temperature of 300 K [(a), (c)] and 4.4 K [(b), (d)].

200 K while for lower and higher temperatures the changes
are more moderate.

To investigate the macroscopic behavior of magnetization in
more detail between both elements, element-specific magnetic
hysteresis curves were recorded by measuring the field-
dependent XMCD signal at the Co L3 edge and the Dy M5 edge.
The photon energy is selected at the maximum of the XMCD
signal, meaning at 778.1 eV and 1298.4 eV, respectively.
Figure 3 shows the element-specific hysteresis curves for Co
and Dy at 300 K and 4.4 K. The magnetic field sweeps are
carried out with the magnetic field aligned in the out-of-plane
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FIG. 2. (Color online) The temperature-dependent XAS [(a) and (b) for ™ (CR) and o~ (CL), respectively] and (c) XMCD (c+ — ¢ ™)
of Dy Ms edge from 4 to 300 K. The peaks marked in the panels at £ = 1294.3, 1296.5, and 1298.4 eV are from the excitation with
AJ = +1,0, — 1. With the temperature increasing, the XMCD signal is decreasing with a reduced magnetic moment. Besides, the shape of the
XAS (both for o and ¢ ™) is changing indicating the change of the occupation of the Zeeman splitting ground state of the 4 f electrons in Dy.
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FIG. 4. (Color online) (a) XAS and XMLD at Co L, 3 edges and at temperature of 4.4 K and 300 K. (b) XAS of Dy M5 edge using x
rays with different linear polarizations of linear horizontal (0,,), linear vertical (o), and the XMLD spectra of oxmip = 0/, — o, at 4.4 K;
for comparison isotropic XAS (solid curve) of absolute cross section oy = (0, 4+ 20,)/3 is also shown which remains the same at different
temperatures. (¢) XMLD of Dy at different temperatures from 4.4 K to 300 K.

direction. As depicted at 4.4 K and 300 K in Fig. 3, Co and Dy
exhibit mirrored hysteresis curves demonstrating their strict
antiferromagnetic coupling in this ferrimagnetic alloy which
is also present for all other measured temperatures (not shown
here). At 300 K the out-of-plane hysteresis curves show a very
squared loop behavior with the remanent magnetization (Mg)
quasiequal to the saturation magnetization (My), indicating
a remanent single domain spin structure in the film. At low
temperature (LT) of 4.4 K, the shapes of the curves are
drastically different. A strongly tilted hysteresis loop with a
reduced My compared to My is observed, which indicates
the formation of a remanent multidomain spin structure in the
film. For magnetic systems with an out-of-plane anisotropy, as
is expected for DyCos, the formation of magnetic domains is
due to the competition between the perpendicular anisotropy
and the demagnetization. At RT the perpendicular magnetic
anisotropy is dominating while at LT the strong demagnetiza-
tion fields created by the increased value of the macroscopic
magnetization fields lead to a multidomain state.

B. Result of XMLD measurements

In order to fully understand the magnetic behavior in
such alloys containing RE elements with its large spin-
orbit coupling, it must be noticed that not all contributions
of the magnetic moments can be extracted solely by the
XMCD data. Linear effects containing information about the
magnetic anisotropy due to spin-orbit coupling effects play
here an important role. Therefore, measurement of the XMLD
signal are required to collect this additional and necessary
information, i.e., being able to derive the magnetic moment for

each element by applying the sum rules as will be explained
in more detail in the theoretical discussion section.

Figure 4 shows the XMLD data measured at the Co L 3
and Dy M5 edges, at 4.4 K and 300 K. The XMLD signal
of Co (x20 for a better visibility) is very weak (3%) and
thus similar to the signal of bulk Co [14-17]. With the
temperature increasing from 4.4 K to 300 K, the faint XMLD
signal is even more reduced by almost 30%. In comparison
to the corresponding XMCD signal the XMLD signal is
more than 30 times smaller. For Dy, on the other hand,
the XMLD intensities are very strong at both temperatures.
Figure 4(b) shows the spectra at 4.4 K for the two linear
polarization states of the x rays, LH and LV, marked as
o/, and o, the isotropic XAS oy = (0, + 20, )/3, and the
XMLD (o, — o//) signal. The main contribution stems from
changes in the AJ = 0 state as it is in general expected for
XMLD reaching nearly the same magnitude as the average
XAS signal. In Fig. 4(c) the XMLD signal is plotted for
different temperatures showing its reduction with increasing
temperature. According to theory, the XMLD data follow the
same thermal variation as the XMCD signal which can be
understood since circular and linear polarization are built with
the similar temperature-dependent (J,) and (JZZ) terms [see
Egs. (5) and (6) below]. At 300 K, the XMLD signal of Dy
is only 20% of that at 4.4 K, while the isotropic XAS of oy
remains constant.

IV. THEORETICAL DISCUSSION

Since 1985 strong magnetic dichroism has been theo-
retically predicted in the M, s x-ray absorption spectra of
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rare-earth materials [18] and later confirmed by experiments
[19,20]. Based on the local multiplet calculation, Schille ef al.
developed the formula for the absorption cross section as a
function of the polarization of the light [21], which is

o(w) = og(w) +i(e x €)(J)o1(w)
n (((6 SN D) T A+ 1))

2 3

x 0y(®), 6]

o) = o) +()or(@) + 5 (@ - (Jf)) o2().
)
o~ (0) = 00(@) ~ ()or(@) + 3 (%“) - (Jf)) o),
3)
a;/(@) = op(@) + ((Jf) - @) o), 4
oxmep(@) = 2(J;)o (@), )
oxMLD(@) = %[3(13) — J(J + D]os(w). (6)

According to the Eqgs. (1)—(6), it is essential to consider the
term og = (6" + 0~ 4+ 0,/)/3, where (6t +07)/2 is equal
to o, to calculate the magnetic moment of rare-earth materials
with the help of sum rules. Due to the strong spin-orbit splitting
in rare-earth elements, the assumption of o, = o,, which
is often used successfully to calculate the sum rules in 3d
transition metals with its weak orbital moments is no longer
valid. Using this approximation would cause a significant
additional error of up to 10% for low temperatures due to
the strong XMLD effect in rare-earth materials.

In Fig. 5 the experimental results of o, o, 0/, 00,
XMCD, and XMLD measured at 4.4 K are compared to the
theoretical calculations assuming Dy3* in its pure J = —%
ground state from [12,20] by applying Eqgs. (1)—(6). The
experimental spectra [Fig. 5(b)] agree here qualitatively well
with the theoretical calculations [Fig. 5(a)]; however, it is
clearly shown that even at temperatures as low as 4.4 K
and in an applied magnetic field of 6 T, some higher-lying
Zeeman states of M; # —15/2 in Dy are already occupied
due to thermal fluctuations. Moreover, the magnitudes of the
experimental signal are significantly lower and need to be
scaled. By keeping the same shape, the experimental XMCD
signal and the XMLD signal are about 75% and 30% compared
to the signal calculated by theory. As already pointed out, the
presence of thermal fluctuations justifies that also higher M,
levels are occupied even at low temperatures. According to
theory, with M; = —15/2 the state of AJ = —1, AJ =0, or
AJ = 41 can only be excited by x rays with polarization of
CL, LH, or CR, respectively. For the states M; # —15/2,
the x-ray absorption spectra with polarization of CL, LH,
or CR are mixed with the spectra of AJ =—1, AJ =0,
and AJ = +1. In order to model the experimental data, the
different levels are adjusted independently to estimate their
contribution to the different spectra. In Fig. 5(c) the theoretical
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spectra of AJ = —1,0, 4+ 1 are mixed accordingly to fit the
experimentally measured spectra o~ (CL) leading to a certain
contribution of the mixed states as AJ = +1 (5%), AJ =0
21%), and AJ = —1 (74%); and AJ = +1 (74%), AJ =0
(21%), and AJ = —1 (5%) for the spectra o+ (CR). For the
spectra o/, (LH), it is mixed with AJ = +1 (23%), AJ =0
(54%), and AJ = —1 (23%) with the equal contributions from
AJ = +1land AJ = —1 states. At T = 300 K, the higher M
states are even more occupied leading to stronger changes
in the shape of the spectra, which, on the other hand, has a
consequence that the XMCD and XMLD signal are drastically
reduced. It should be noted that the isotropic spectra of oy
is independent of M; and of the temperature, keeping the
same shape and magnitude for all temperatures from 4.4 K to
300 K.

By applying the sum rules [22-24] it is possible to
determine the effective spin magnetic moment mgff and the
orbital magnetic moment m :

Jegge AW =17 Te(c+ )10+ 1) —2
Jugge AWt + 1=+ ) 2 LU+ DA +2—n)

L

(N

[ dw(ut — ) = e+ D/el f; dw(ut —po)
Sivij dwe® +p= +uy))
LD —cle+ D) -2
T2 B3cdl+2—n) 5

®)

For Co L, 3 we have ¢ = 1 and [ = 2 while for Dy My s we
have ¢ = 2 and [ = 3. Here, n or (4l + 2 — n) are the numbers
of electrons or holes in Co 3d and Dy 4 f states, respectively.
The effective spin moment M = M5+ C -my (C =17 for
Co and 6 for Dy) consists of the spin magnetic moment
and the magnetic dipole moment m, which accounts for the
asphericity of the spin moment distribution. Figure 6 shows the
temperature-dependent magnetic spin Mg (g /hole), orbital
M (up/hole), and total moments My, (1 p/atom) of Dy and
Co, from 4.4 K to 300 K. Since the magnetic dipole operator
is weak in TM bulk materials with weak spin-orbital coupling,
its contribution is neglected.

The spin moment of Co slightly decrease from 0.60 to
0.53 pp/hole (10% reduced) from 4.4 K to 300 K, while
the weak orbital moment is slightly lower in the temperature
range from 150 K to 200 K. If we take n = 2.49 as the number
of holes in Co, as averaged from those values reported in
theoretical calculations [25-27], the total magnetic moment
can be calculated as shown in Fig. 6(c). It follows the
tendency of My since the orbital contribution is extremely
small compared to the spin moment. The maximum magnetic
moment of Cois 1.66 wp/atom observed at 4.4 K which is 6%
smaller compared to 1.77 up/atom for bulk Co [24].

The strong spin-orbital coupling in a 4f element such as
Dy does not allow us to simply neglect the contribution of the
magnetic dipole operator. On the basis of an atomic model, the
expected value of the magnetic dipole operator was estimated
to be —0.128 wp/atom [31] or —0.0256 ug/hole due to the
4f° ground state configuration (n = 5) of Dy. Under this
assumption the magnetic moments of Mg, My, and M
for Dy can be calculated as shown in Figs. 6(d)-6(f). All
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FIG. 5. (Color online) Results of ot (CR), 0~ (CL), 0,, (LH), XMCD, and XMLD measured at 4.4 K (b) are compared to the theoretical
calculations (a) of Dy** in its J = —15/2 ground state [12,20]. (c) Fitting of the experimental results with the theoretical spectra of
AJ =+1,0, — 1.

three values decrease steadily with increasing temperature; should be pointed out that for DyCos at 4.4 K, the magnetic
however, between 150 and 200 K, the decay is particularly moment of Dy is about 8.2 ug/atom, which is 82% of the
strong, while in the regimes from 4.4 K to 150 K and 200 K theoretical results of 10 ug. This value is much higher if
to 300 K the reduction of the moments is quite moderate. It compared to other Dy-based materials, such as Dy @Cs, [28],
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FIG. 6. (Color online) The temperature-dependent magnetic spin Mg (i p/hole), orbital M, (u g /hole), and total moments Mo, (14 p/atom)
of Dy and Co, from 4.4 K to 300 K; error bars of each points are also shown (20% for M, of Co and 10% for the rest). Rapid decreasing of the
magnetization has been observed at around 180 K for both elements.
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FIG. 7. (Color online) The temperature-dependent magnetiza-
tion My (g/DyCos), as well as the magnetic hysteresis loops
at Dy M5 edge. With the temperature increasing, the out-of-plane
anisotropy appears and the saturation magnetization drops rapidly
above 150 K.

DySc,;N@Cgg [29], Dy incar-fullerenes [30,32], and DyN [33],
where the magnetic moment is almost 50% or even more
reduced at the low temperature of 4.4 K. One strong indication
of the reduced magnetic moment of these systems at such low
temperatures is the more occupied higher M; # —15/2 state
that resembles the shape to that observed for DyCo; at 300 K.
Conversely, one can speculate that the strong ferrimagnetic
coupling between Dy and Co in DyCo; favors the higher
occupation of lower-lying Zeeman splitting M states which
results in a high magnetic moment in Dy for this compound.
The net magnetization of the ferrimagnetically coupled
DyCos; can be calculated in a straightforward way by Mg =
Mpy — 3Mc, by combining the values of the individual
moments derived above. Figure 7 shows the temperature-
dependent magnetization My, measured at a magnetic field
of uoH =6 T in the out-of-plane direction, together with
the corresponding magnetic hysteresis loops measured at the
Dy Ms edge. The behavior of the total magnetization is
mainly determined by the magnetic behavior of the Dy site
as discussed above. Particularly, a strong decay of the total
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magnetization is observed between 150 K and 200 K leading
to strong changes in the shape of the hysteresis loop. The
competition between the perpendicular anisotropy and the
demagnetization fields is very strong, as already discussed
earlier for Fig. 3. Below and above this temperature region
one of these forces becomes more dominant being responsible
for the multidomain state at low temperatures or single-domain
state at higher temperatures.

V. CONCLUSION

In conclusion, by means of XMCD and XMLD soft x-ray
spectroscopic techniques we have studied the temperature
dependence of the elemental magnetic moments of DyCo;
films with perpendicular anisotropy. The elemental magnetic
moments of Co exhibit a slower evolution as a function of
temperature, whereas the Dy moments show a larger change
as a function of temperature. A very high magnetic moment
for Dy of 8.2 up/atom was observed at 4.4 K which is only
20% less than the theoretical value and much higher compared
to any other experimental results of Dy compounds reported
so far. Moreover we show clearly that the reduction of the Dy
moment and thus the total moment of the antiferromagnetically
coupled DyCo; occurs mainly in a temperature range between
150 K and 200 K, supported also by an indicative change
of the magnetic hysteresis loop shape. At this transition the
XAS spectra taken with linear and circular polarized light also
show a very strong redistribution of the M states which can
be understood by the influence of thermal fluctuation on the
occupation level of the Zeeman split 4f states. It should be
pointed out that these changes are far from the T¢omp of the
alloy and are not associated with the change of the dominant
magnetic site. These results are very helpful for a more
profound understanding of the fundamental properties of such
amorphous RE-TM alloys which are used in many magnetic
hybrid structures nowadays, showing intriguing magnetic
properties and a great potential for future applications.
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