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Artificial ferrimagnetic structure and thermal hysteresis in Gd, 4;Co, 53/ Co multilayers
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Gd 47Cog 53/ Co multilayers are presented as an alternative to classical Gd/Fe or Gd/Co to study ferrimag-
netic interactions in an artificial multilayered structure with sharper interfaces, since interdiffusion processes
are avoided. This system is shown to present all the characteristic features of Gd/Co and Gd/Fe multilayers,
as evidenced by the existence of compensation temperatures, spin-flop transitions, and thermal hysteresis. By
using this improved structure, we show that the temperatures at which the sample suffers magnetization
reversal when cooling or heating during the thermal hysteresis loop depend on the applied field and coercivity,
while anisotropy determines the smoothness of the reversal process. Details of the temperature dependency of
coercivity and spin-flop fields in this system are also provided.

DOI: 10.1103/PhysRevB.77.144407

I. INTRODUCTION

Gd,_,Co, alloys'? have been studied extensively in the
past due to their ferrimagnetic structure and the possibility of
creating thin alloy films with a perpendicular anisotropy that
makes them suitable for magnetic recording purposes.’ More
recently, artificial Gd/Co and Gd/Fe multilayers have been
studied because of the ferrimagnetic structure that exists be-
tween the layers below the ordering temperature of the Gd
layer. The magnetic superstructure of the multilayers arises
from the strong interface interaction between the rare earth
and transition metal. Gd is an S ion and shows very small
anisotropy, which makes this system ideal for studies of ex-
change interactions at interfaces. Unfortunately, a strong in-
terdiffusion process occurs when the elements are grown
next to each other. This results in a poorly defined interface
and therefore a smearing of the properties derived from the
interface interactions. This, in turn, complicates the model
for their explanation. Surprisingly, there are in the literature
many articles about these Gd based systems where this effect
is not considered, probably because in spite of the interdif-
fusion, the main properties of the system are usually
preserved.*> In a previous study of the interdiffusion process
between Gd and Co on multilayers, we have shown that this
effect converts a nominal Gd/Co sample into a Gd,;_,Co,/Co
one.®’ In the alloy, the Gd subnetwork dominates the mag-
netization of the alloyed layer for x<<0.8 (at room tempera-
ture), therefore the multilayered system continues to behave
as an artificial ferrimagnet even if Gd layers are Co enriched
due to interdiffusion. Nevertheless, the thicknesses of the
layers and their composition change as a result of the afore-
mentioned interdiffusion leading to rougher and more diffuse
interfaces.

In our previous studies,® we have quantified the amount
of Co that interdiffuses into a Gd;_,Co, layer as a function of
the composition of the alloy in the multilayered system
Gd,_,Co,/Co in the range 0 <x<0.6. We have shown that
although interdiffusion is reduced significantly by employing
an alloy with a composition x=0.37, it is not negligible until
alloy values between x=0.53 and x=0.60 are used. Although
x-ray reflectivity shows a good improvement in the series
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with x=0.37, polarized neutron reflectivity is still able to
detect an interfacial region with separate magnetic properties
to the rest of the layer.” This has been also supported by
theoretical calculations of the free energy of intermixing.'? In
this paper, we present an alternative to the classic Gd/Co
system where interdiffusion is significantly reduced,
Gdy 47Cog 53/ Co, and we show that the main magnetic fea-
tures of this system, such as the presence of compensation
temperatures, spin-flop transitions, or thermal hysteresis,'-1?
are preserved. This system is closer to the ideal structure
assumed in the theoretical calculations, and we present it as a
first step to check the validity of such models.'> We also take
advantage of the improved structure to study the role of an-
isotropy and coercive field in the thermal hysteresis effect.

II. EXPERIMENT

Samples were grown by sequential sputtering from Co
and Gd,, 47Coy 53 targets onto Si (100) substrates at room tem-
perature. Composition of the alloy target was achieved by
incorporating small Co pieces onto a Gd sputtering disk. The
composition of the resulting sputtering target was quantified
by energy dispersive x-ray microanalysis in a scanning elec-
tron microscope. The nominal sample structure was
[COI/ (Gd0_47C00'53)100 A]Xzo/col, with the thickness of the
Co layer ¢ ranging from 20 to 50 A. The main effect of pa-
rameter ¢ is to vary the relative magnetization of the two
layers and thus control the compensation temperature of the
sample. Magnetic properties were measured using conven-
tional vibrating sample magnetometry (VSM) above liquid
nitrogen and transverse magneto-optic Kerr effect (MOKE)
magnetometry at room temperature. Grazing incidence x-ray
reflectivity was performed on the XMaS beamline (BM28) at
the European Synchrotron Radiation Facility (ESRF) in
Grenoble, with the monochromator tuned to 1.71 10\, the Gd
Ly absorption edge enhancing the contrast between the lay-
ers.

III. RESULTS AND DISCUSSION
A. X-ray analysis

In order to check the structural quality of the samples and
the absence of interdiffusion or other processes that could
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FIG. 1. (Color online) X-ray specular (open symbols) and off-
specular (full symbols) reflectivities for the sample with Co thick-
ness =35 A, together with a fit (red line) to the specular curve.

smear the interfaces, we conducted x-ray reflectivity on rep-
resentative samples with nominal Co thicknesses =35 and
t=40 A. In Fig. 1, we show the specular and off-specular
data from the sample with =35 A together with fits using
the fully dynamical model distorted wave Born approxima-
tion using the BEDE REFS software.'* The presence of the
Bragg peaks up to 11th order is a clear indication of a good
periodicity and low interface roughness, especially when
compared with similar results published previously for
Gd/Co multilayers.>!>!> Data recorded on resonance show
additional fringes in between the Bragg peaks. These arise
from a periodic variation in the layer thickness about the
nominal values. The Co thickness was 30 =5 A and the alloy
layer was 100+ 5 A. The data could not be fitted to a simple
bilayer model with the peaks in between the Bragg peaks
modeled by assuming that the repeat unit was composed of
four bilayers. The fitted results indicated that the composi-
tion of the alloy in the bulk of the layer was close to nominal
Co, x=(52*=5)%. The sensitivity to density variations in a
single energy reflectivity fit is low as it tends to be coupled
with the interface roughness, determined to be 2.0*+0.2 A
for the Cof/alloy interface and slightly rougher for the
alloy/Co interface, 6.0+0.7 A. Off-specular data shown in
the same figure show that the topological roughness is con-
formal. On the other hand, the Born analysis on the trans-
verse diffuse data for scans recorded at and away from a
Bragg peak (not shown) yields values of the topological
roughness to be 1.7+0.5 A.'® Thus, we can conclude that
there still remains a degree of interdiffusion at the interface,
but that is significantly lower than in previous studies.
X-ray specular reflectivity for the sample with a nominal
Co thickness of 40 A is represented in Fig. 2. It did not show
any peaks in between the Bragg peaks requiring a simpler
model to fit the data. However, the widths of the Bragg peaks
were broader indicating a degree of thickness or roughness
variation. There was larger variation in the Co thickness
(15%) about the nominal value with the alloy layer remain-
ing close to nominal 100+5 A. The roughnesses were
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FIG. 2. (Color online) X-ray specular (open symbols) and off-
specular (full symbols) reflectivities for the sample with Co thick-
ness =40 A, together with a fit (red line) to the specular curve.

slightly higher than the r=35 A sample, with both interfaces
being 10+5 A. The composition of the alloy was close to
nominal, x=(53*+2)%.

The extra fringes in the low angle region of the off specu-
lar arise from harmonic contamination of the beam, only
observed when the beam was highly attenuated close to the
critical angle. The diffuse scatter was recorded as a function
of both in-plane (g,) and out-of-plane (g.) scattering vectors
in the form of a full reciprocal space map (Fig. 3). Similar
data were recorded for all samples studied. The strong
streaks of intensity at the Bragg peak positions are what is
observed in the off-specular longitudinal scans which probe
the diffuse scatter at low small values of ¢,. It is clear that
the roughness is highly correlated from interface to interface
and that these correlations extend over the thickness of the
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FIG. 3. (Color online) Full reciprocal space map recorded on the
sample with /=40 A showing the diffuse scatter concentrated pref-
erentially near the Bragg peaks.
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FIG. 4. (Color online) Magnetization as a function of

temperature for three samples from the series
[Co,/(Gdy47C00.53) 100 Alx20/ Co, with =25 A (©), 30 A (O), and
40 A (@) showing the tunability of the compensation temperature
with thickness. Applied fields during the experiment were 50 Oe for
=25 A and 1=30 A and 100 Oe for r=40 A.

multilayer. The extension of the scattering to large in-plane
q, values shows that this conformality extends to short in-
plane length scales resulting in a low correlation length typi-
cal of polycrystalline sputtered systems. The slight curvature
of the diffuse Bragg sheets at high ¢, results from refraction
of the incident and/or scattered waves close to the critical
angle.

B. Magnetic properties

One of the main features of ferrimagnetic Gd/Co alloys
and multilayers is the existence of a temperature for which
the total moment of each magnetic sublattice is equal, giving
rise to a compensation of the total magnetization. This is due
to the dramatic change that the magnetization of Gd layers
suffers with temperature between 0 and 300 K, in contrast
with the almost constant value for Co. Gd, 47Co 53 alloy be-
havior is similar to a pure Gd as its Curie temperature is also
close to 300K.? Figure 4 includes magnetization as a func-
tion of temperature for different samples of the series: ¢
=25, 30, and 40 A. The compensation temperature varies as
a function of Co thickness. The layer moment for the thicker
Co layers is larger requiring a larger moment in the alloy
layer (i.e., lower temperature) for the moments to be the
same and compensation to be reached. Therefore, T, de-
creases as f is increased.

In principle, the layer with the largest moment will align
to the applied field direction. Due to the differing behavior of
the moments as a function of 7, one would expect the alloy
Gd, 47Coy 53 sublattice to be aligned with the field below the
compensation temperature with the Co sublattice aligned an-
tiparallel to it. This situation is reversed at temperatures
above T, although we will show in this paper that thermal
hysteresis exists in this process for fields below a certain
value. The tunability of 7, with ¢ in the multilayered sys-
tem is smoother than in the case of thin single layer films of

FIG. 5. (Color online) Normalized moment (left axis—full sym-
bols) and magnetoresistance (MR) (right axis—open circles) mea-
sured at room temperature as a function of external field for sample
with r=35 A. Magnetization detects the appearance of the spin-flop
transition as a change in the slope of the curve at the point marked.
Although the overall change in MR is less than 0.15%, the transi-
tion is clearly seen by using this technique.

Gd,_,Co, alloys, where compensation is only seen for x be-
tween 0.77 and 0.82.%

The system also presents other features usually associated
with the Gd/Co or Gd/Fe systems such as the spin-flop tran-
sition, seen in Fig. 5 from both magnetoresistance (MR) and
a magnetization loop (VSM). This transition arises from the
competition in the system between the exchange energy,
which tries to keep the layer moments antiparallel to the
field, and the Zeeman term, which comes from the interac-
tion with the external field and tries to align the layers par-
allel to it. The competition is especially apparent in systems
with small anisotropy, where it causes the appearance in the
system of a spin-flop transition that leads to a so-called
twisted state.!”"!” The moments of Gd and Co atoms rotate
from their aligned direction to adopt a new configuration
being almost =90°, but keeping the same total projected
moment in the field direction. Further increasing the field
allows the system to slowly rotate both moments toward it
without increasing the exchange energy too much. The
smaller the total moment of the sample M, the smaller the
field required to enter this state, which is why it is easier to
observe this transition near T, [Fig. 10 includes the tem-
perature dependence of the field at which this transition oc-
curs (Hy) for the sample with r=40 A]. The transition shown
in both the M-H and MR loops in Fig. 5 marks the spin-flop
transition in sample r=35 A. The MR reflects mainly the
changes in the resistance of the Co layers because the alloy
layers are highly resistive due to their amorphous structure.’
The increase in spin disorder at Hg induces an increase in
resistivity. Above this transition, the magnetic field slowly
rotates the moments of both sublattices toward its direction,
reducing this disorder and therefore the resistivity of the
sample.

Another feature typical of this kind of system, which has
been studied very recently, is the thermal hysteresis effect.
Although this is an old subject, its recent appearance in mul-
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FIG. 6. (Color online) Magnetization as a function of tempera-
ture both heating and cooling the sample with =40 A under differ-
ent magnetic fields: H=10 (@), 20 (), 40 (O), and 500 Oe ().
The field was applied along the easy axis. The direction of each
measurement is indicated by arrows, as well as the position of com-
pensation (7,,,,) and reversing (7,) temperatures in each case.
Thermal hysteresis is seen in all cases except H=500 Oe (see text).

tilayered systems!!~!3 has rekindled interest in recent years

as it is easy to measure using conventional magnetometry as
VSV, it may be very large (up to 150 K), and can be tuned
or even eliminated as a function of the external field. The
measurement of the magnetization as a function of tempera-
ture during both cooling and heating the sample in moderate
fields gives rise to a characteristic bow-tie pattern. This ef-
fect has been seen on (Fe,Co,CoNi)/Gd (Refs. 13 and 20)
and at higher fields on Co/Tb.?! Now, we show that it also
appears very clearly in the Gd,4;Co 53/ Co system. Due to
the improved artificial structure of this system arising from
the negligible interdiffusion, all the features associated with
this effect are more clearly identified and studied than in the
more miscible Gd/Co and Gd/Fe systems.

Figure 6 shows the magnetization vs temperature at low
fields for the sample with r=40 A. During cooling, the ex-
change interaction allows the initial Co-aligned structure to
remain stable through the compensation temperature, T
<T_,omp- Here, the moment of the Gd, 4,Co 53 sublattice still
points opposite to the external field even though it is actually
larger than the Co sublattice which gives rise to a state with
a net negative magnetization. The energy cost associated
with reversing the direction of the two sublattices explains
the reversal of magnetization occurring at a temperature less
than 7,,,,, (Which we will refer to as the reversal temperature
T,). In a similar way, when heating the sample, the
Gd 47Coy 55 aligned state is also stable up to a second 7,
which is above T.,,,. Figure 6 exemplifies too how T, are
dependent on the field applied during the measurement, for
example, 7,,=173 and 228 K for H=40 QOe, but 7,=135 and
261 K for H=20 Oe. T,,,,, may be defined in these cases as
the central crossing of the heating and cooling curves
(marked in the graph), where the total sample moment is
zero and the two sublattices have identical moments. Using
this definition, 7., is independent of the applied external
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field as it should be (its value is T,,,=200 K for the sample
in Fig. 6). Once T, is fixed by choosing the appropriate
ratio of thicknesses, it is readily seen how the thermal hys-
teresis width (the difference in the two reversal temperatures)
can be tuned easily by choosing the appropriate value for the
applied field. As the amount of energy gained by the reversal
of the magnetic structure is proportional to the external field
(Zeeman term), the smaller the field, the further the T, is
from T, Above a certain value for the external field, it is
theoretically predicted that the thermal hysteresis should dis-
appear and this is observed experimentally for H=500 Oe
data in Fig. 6. On the other hand, the asymmetric shape of
this curve near T, is due to the spin-flop transition. The
value of H reduces as the temperature approaches T, If,
during a M vs T ramp, H; reaches a value smaller than the
one set for the external field during the measurement, the
sample experiences such a transition, yielding an increase of
magnetization that generates the mentioned asymmetry. It is
very remarkable how abrupt the transitions are, especially
the ones at higher temperature when compared with previ-
ously published experimental results.'>?! The experimental
data shown in this paper are closer to the theoretical results
where a perfect interface is assumed. Again, this is due to the
improved interfacial properties of the Gd, 47,Coq 53/ Co multi-
layers studied here.

It is also worth noting the difference for a given field in
the position of the two T, from T,,,, and the magnetization
values for those temperatures. This is especially clear in the
curve for H=10 Oe data: if the two values for T, were sym-
metric about 7,,,, the value of T, for the cooling curve
would be at 118 K, as it is 7,,=282 K on the heating curve,
but it has not been observed above 80 K. To understand this,
it is useful to consider the schematic outline of the layer and
total moment directions shown in Fig. 7. Here, the
Gd, 47Cog 63 moment is represented by a thick arrow and Co
moment by a thin one. Below these two arrows, the total
moment of the sample is also represented. The direction of
the applied field (H,,,) is also shown. Let us assume that Co
magnetization is approximately constant over the tempera-
ture range of measurement (it actually changes by less than a
0.7%) and consider two points either side of T, on the M
vs T curve with the same M, say M. This means that at the
lower temperature, the alloy moment is greater than the Co
one by M, while at the higher 7, it is smaller than Co by the
same amount. Hence, even though the total moment is the
same, the energy barrier required to reverse the magnetiza-
tion is higher at the lower temperature as the moments to be
rotated are larger. Therefore, both asymmetries (position and
deepness of minima) are a consequence of the Gdg47Coy 53
sublattice magnetization being higher at lower 7. This could
also explain why the jump above T, is usually sharper
than the one below compensation.

One of the reasons of studying Gd/Fe and Gd/Co multi-
layers is that Gd being an S ion presents a very small aniso-
tropy. The Gd,_,Co, alloys share this property as they are
amorphous for a very wide range of x. Furthermore, the cou-
pling between Co and Gd is perfectly antiparallel, unlike the
case for other rare earths as Tb or Dy.! This property simpli-
fies the study of the interfacial interactions. As in previous
studies, the thermal hysteresis effect is attributed to the
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FIG. 7. (Color online) Schematic outline of the magnetic struc-
ture of each sublattice and total magnetization of the samples along
a complete experimental M vs T loop. Thick arrow represents the
total moment of the Gdj4;Coq 53 sublattice, the thin one corre-
sponds to the Co sublattice, and the arrow below these two is asso-
ciated with the total magnetization of the sample (note that it is zero
at Tmm,,). The direction of the external field during the experiment
is indicated on top of the figure. The dotted line compares two
equivalent states (same T) before and after the magnetization
reversal.

sample anisotropy, we have taken advantage of the natural
uniaxial anisotropy that appears in the multilayers (mainly
due to the Co polycrystalline layers) to study its effect on
thermal hysteresis. A transversal MOKE magnetometer
equipped with a rotary sample holder has allowed us to eas-
ily confirm the uniaxial anisotropy and to establish the easy
and hard directions of anisotropy for each sample. The mea-
surements corresponding to Fig. 6 were measured along the
easy axis. The angle between easy and hard directions was
always 90°. Once properly marked, VSM loops were also
taken with the field applied along these two directions as a
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FIG. 9. (Color online) Thermal hysteresis loops taken in both
easy (full circles) and hard (open circles) directions of the aniso-
tropy on sample, with r=40 A at different fields: H=20 Oe [panel
(a)], H=30 Oe [panel (b)], and H=50 Oe [panel (c)]. Note that the
reversing temperature does not depend on anisotropy, but the shape
of the minimum, corresponding to the reversing dynamics, is very
different. Dotted line at 200 K marks the position of compensation
temperature, independent of field and anisotropy.

function of temperature. Figure 8 shows some of these loops,
including one near T,,,, in panel (b). From the loop mea-
sured far from compensation [panel (a)], the coercive field
(H,) is well defined, and it is readily seen that although the
magnetization process is very different for the easy and hard
directions, the coercive field H, is the same for both direc-
tions. In order to study the effect of this anisotropy on ther-
mal hysteresis, Fig. 9 shows the M vs T recorded along the
easy and hard directions at different fields (H=20, 30, and
50 Oe) for the sample with r=45 A. The shape of the curve

is strongly dependent on the direction of measurement, al-

FIG. 8. (Color online) M-H loops taken with
the sample aligned in the easy (full black circles)
and hard (open red circles) directions for the

sample with =40 A recorded at different tem-

peratures. Panel (a) shows the anisotropy well be-
low compensation (100 K), while panel (b) pre-
sents the loops just at this temperature. The
deformed shape caused by the spin-flop transition

and the difficulty to extract the coercive field near
this temperature are clear.
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FIG. 10. (Color online) (Left axis) Coercive field of the sample
with 7=40 A extracted from M-H loops along the range of tempera-
tures available (open circles), and temperatures at which magneti-
zation reversal takes place for the external fields employed (full
circles). Spin-flop field (full diamonds—right axis) as a function of
temperature presenting a minimum value at compensation

though we observe that the reversing temperature 7,, which
in the hard direction may be associated with the point of
minimum M, depends only on the applied field. To further
clarify this point, we have measured the coercive field of the
samples as a function of temperature. Figure 10 presents co-
ercivity as a function of temperature and shows how its value
increases as temperature approaches T7,,,, In the same
graph, the external magnetic field value set during the M vs
T ramp for each pair of reversing temperatures (7,) is in-
cluded. It is clear how increasing the external field leads to
reversing temperatures closer to 7,,,,- The two curves match
quite well, which allows us to propose that it is the coercive
field that is responsible for the spontaneous reversal at T,.
This point has not been previously reported as previous stud-
ies on thermal hysteresis in multilayers always refer to the
anisotropy as the principal mechanism responsible for the
effect.!’!3 The spontaneous reversal from —M, to +M with
changing temperature observed in the M vs T curves (Figs. 3,
6, and 8) is somewhat equivalent to increasing the field from
—H to H during a M-H hysteresis loop. For this reason, the
reversal in the hard direction is smoother than in the easy
axis. Hysteresis loops shown in Fig. 8 reflect the same be-
havior. The shape of the magnetization loop in the hard axis
[Fig. 8(a)] shows that the magnetization reversal is domi-
nated by rotational processes rather than domain wall move-
ment. The values of H employed during the M vs T curves
(Fig. 9), recorded in the hard direction, are well below the
saturation value resulting in the hard axis M vs T curves
remaining below those recorded along the easy direction.

PHYSICAL REVIEW B 77, 144407 (2008)

Also in Fig. 9, the heating and cooling curves correspond-
ing to the field applied along the hard axis do not match at
low temperatures, in contrast to those corresponding to the
easy axis (see Fig. 6). This arises from the different types of
hysteresis squareness observed in the M-H loops. The
dashed lines in Fig. 8(a) mark the H values used for the
measurement of the M vs T data plotted in Fig. 9; while they
correspond to the saturated case for the easy axis direction,
there are two possible states in the hard axis case due to the
lower value of hysteresis squareness.

In general, reversing the magnetization reduces the total
energy of the system due to the Zeeman interaction with the
external field. As the total M of the system is reduced by
approaching 7,,,,, this reduction of energy is smaller, so the
field necessary for reversal is larger resulting in an increased
H,, which eventually diverges at T, (Fig. 10). Some dif-
ficulties arise when trying to measure coercivity at this tem-
perature. First, as the moment tends to zero, the signal van-
ishes and the loop is lost preventing a reasonable value for
H, from being determined. Second, the presence of the spin-
flop transition at lower fields near this temperature deforms
the shape of the loop. Both features are clearly seen in the
loop at T, in panel (b) of Fig. 8. Therefore, we do not give
any experimental values of H,. for temperatures too close to
T omp in Fig. 10 as they may be misleading.

IV. CONCLUSIONS

We have shown that the Gdg4;Cojs3/Co multilayered
system is an excellent alternative to classical Gd/Fe or
Gd/Co to study ferrimagnetic interactions in multilayers, due
to its better defined interfaces. This system is shown to
present all the characteristic features of Gd/Co or Gd/Fe
multilayers, such as the existence of a compensation tem-
perature, a spin-flop transition, and thermal hysteresis. We
have measured the in-plane anisotropy of the samples and
obtained thermal hysteresis loops as a function of field for
easy and hard axes. We fully explain the reversal process and
show that the temperatures at which the sample reverses its
magnetization depend on the applied external field and coer-
civity, while anisotropy determines the smoothness of the
reversal.
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