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Tunable negative and positive coercivity for SmCo/(Co/ Gd) exchange springs investigated
with SQUID magnetometry
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Temperature dependent static magnetic properties of Co/Gd multilayers, grown on SmCo, are experimen-
tally investigated by means of SQUID magnetometry. The SmCo/(Co/Gd) system shows an exchange spring
behavior above the compensation temperature (7o) at which the magnetization of the antiferromagnetically
coupled multilayer is zero. Below Ty, @ tunable negative coercivity state (inverse hysteresis) appears, due to
the coupling between the hard SmCo and soft Co/Gd multilayers, irrespective of whether Co or Gd is
proximate to the SmCo. However, for the strongly ferromagnetically coupled Co interface layer, negative
coercivity persists over a larger temperature interval. The negative coercivity state vanishes if the coercivity of
the SmCo layer is increased by controlling the Cu underlayer thickness.
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Exchange spring magnets have been studied for over
20 years, driven by the need for smaller bit sizes with higher
energy product and for permanent magnet applications.> An
exchange spring magnet combines the high magnetization of
a soft magnet with a coercively hard one. For example, the
soft layer can be among the transition metals or their alloys
(Fe, Co, Ni, Py, etc.) and the hard layer is generally SmCo or
NdFeB. The spring behavior is due to the ferromagnetic cou-
pling at the interface between hard and soft layers.’ !4

In this study, we selected SmCo as the hard magnet and a
ferrimagnetic Co/Gd multilayer as the soft layer, with the
thickness of the soft layer larger than that of the hard SmCo
layer. The layer thicknesses of the Co/Gd multilayers are
regulated such that the compensation temperature (7comp),
where Gd and Co magnetizations are equal, occurs in the
temperature range of interest (10—300 K). Therefore, we can
analyze the exchange spring behavior, when the Co subnet-
work between the SmCo and Co/Gd multilayer is either
aligned ferromagnetically (Co dominant) or antiferromag-
netically (Gd dominant) at saturation depending on T relative
t0 Teomp- The problem we address is whether strong coupling
exists at the interface between SmCo and Co/Gd multilayers
and, if so, its effect on the rest of the multilayer. Would it be
like the standard exchange spring behavior? The answer is
positive for 7> T,,,,,. However, interesting physics emerges
below Ty, We will show that ferromagnetic coupling at the
interface with SmCo works against the switching of the soft
layer magnetization above Ty, Wwhile antiferromagnetic
alignment below Ty, eases the rotation, making it coer-
cively soft. We will show that the coercivity can be tuned to
be negative below 7Ty

There are examples of exchange-coupled hard/soft sys-
tems in literature'>'¢ which show an exchange spring behav-
ior both at high and low external fields. For example,
DyFe,/YFe, combinations exhibit a peculiar behavior when
the interface coupling is antiferromagnetic (which corre-
sponds to the configuration below T,y in our case). Pro-
posed exchange spring behavior at high fields is very similar
to the twisted states'”!8 for the ferrimagnetic Fe/Gd (and
Co/Gd) multilayers; the twist penetrates also into the hard
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layer. The spring motion of the soft YFe, layer is controlled
by the type of interface coupling with the hard DyFe, layer.
The coupling and orientation can be regulated by the com-
position (or as shown in this paper by temperature).
Samples were prepared in a dc magnetron sputtering sys-
tem at room temperature. The unbaked base pressure of the
UHV deposition chamber was 107 Torr. Ultrahigh purity
argon gas was used and the deposition pressure was 3 mTorr.
Samples were deposited on Corning glass substrates and ei-
ther 100 or 1000 A thick Cu layers were used as buffer un-
derlayers in all samples. A quartz thickness gauge, calibrated
by a stylus profilometer, monitored the deposition thick-
nesses in situ. The Smg 7,Coq g3 alloy, which is close to the
SmCos composition, was created by codeposition from pure
Co and Sm targets. Bilayers of Co and Gd were repeated 16
times to form the multilayer. Approximately 25 thin film
samples were grown. Structural characterization was done
using an x-ray diffractometer. Magnetic measurements are
made using a SQUID magnetometer between 10 and 350 K.
The x-ray diffraction pattern for the SmCo 300 A/Cu
100 A/glass is shown in Fig. 1(a). Neither the SmCo nor Cu
has a preferred orientation; the SmCo alloy can be consid-
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FIG. 1. X-ray diffraction pattern for the (a) SmCo 300 A/
Cu 100 A, (b) SmCo 300 A/Cu 1000 A, and (c) (Gd40 A/
Co 35 A);6/SmCo 300 A/Cu 100 A films.
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FIG. 2. Hysteresis loops for the SmCo 300 A/Cu 1000 A and
SmCo 300 A/Cu 100 A films at (a) 300 K and (b) 10 K. The dif-
ference in saturation moment between the two samples results from
different sample areas.

ered as polycrystalline. In contrast, x-ray data for the SmCo
grown on thick Cu underlayer show a preferred orientation.
As shown in Fig. 1(b), SmCo 300 A/Cu 1000 A/glass has a
[111] texture for Cu in the growth direction. As shown in
Fig. 1(c), multilayers of Co and Gd at this thickness level
(35-40 A) grown on 100 A Cu do not show any preferred
texture and remain polycrystalline.

In Fig. 2, hysteresis curves for the 300 A SmCo films,
grown on 100 and 1000 A thick Cu underlayers, are shown
at 10 and 300 K. The 300 A SmCo film, grown on a thicker
Cu underlayer (1000 A), has a higher coercivity throughout
the entire temperature range than the one grown on a thinner
(100 A) Cu underlayer. The coercivity of the SmCo
300 A/Cu 1000 A film is on the order of 400 Oe at room
temperature and approximately 1250 Oe at 10 K, whereas
that of the SmCo 300 A/Cu 100 A film shows smaller val-
ues, approximately 250 Oe at room temperature and
1100 Oe at 10 K. The difference of nearly 150 Oe through-
out the entire temperature range of measurement is consis-
tent with the structural data, where thicker underlayers of Cu
can establish a proper [111] texture, while a thin Cu under-
layer lacks any preferred orientation on the glass substrate. It
has been shown in the literature'®-? that growing SmCo on
thick Cu increases the coercivity. Higher coercivity may
mean more grain boundaries or more pinning sites that keep
the SmCo domain walls from sweeping freely through the
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FIG. 3. Magnetic moment as a function of temperature for the
(Co 35 A/Gd 40 A);¢/SmCo 300 A/Cu 1000 A system.

film. Although the aim of this study is not to increase the
coercivity of SmCo, we will make use of this small differ-
ence in coercivity to understand the magnetic properties of
the hard/soft combinations studied.

In Fig. 3, the magnetic moment of the
(Co 35 A/Gd 40 A),s/SmCo 300 A/Cu 1000 A system in a
1.6 kOe external magnetic field is shown as a function of
temperature. The compensation temperature (7o) of this
ferrimagnetic system is found to be approximately 250 K at
this field, where the total moment has a minimum (the cor-
responding hysteresis loops are shown at Fig. 7). Above
Teomps the larger Co moments are aligned at saturation with
the external magnetic field and the smaller Gd moments are
opposite (Co aligned); below T, the magnetic orientation
is reversed, with the larger Gd moment in the field direction
and smaller Co moments opposed (Gd aligned).””~** When
the SmCo layer is added to the Co/Gd multilayer to form the
SmCo/(Co/Gd) system, SmCo spins are in the field direc-
tion at saturation irrespective of 7Top,. Therefore, the nonva-
nishing vertical offset of magnetic moment at 7, is due to
the rigid magnetic moment of the SmCo layer. The amount
of vertical shift in Fig. 3 is approximately 6X 10~ emu,
which is consistent with Fig. 2. The external magnetic field
was purposefully set to 1.6 kOe where the combined system
is free of magnetic thermal hysteresis and twisted state ef-
fects for the Co/Gd multilayer.?’

Note that the magnetic field required to suppress thermal
hysteresis effects?’ nearly doubles compared to single
Co/Gd multilayers, due to the enhanced uniaxial anisotropy
with the addition of the hard SmCo layer. Although it does
not affect the results presented here, we should emphasize
that 7oy, also depends on the nature of the system. As
shown in Figs. 3, 4, 6, and 7, the films where Gd layer was
grown first on SmCo have higher T, than those where the
Co layer was grown first. Here, the Co/Gd multilayers have
the same thicknesses with the deposition order reversed.
While we cannot justify this observation based on the struc-
tural data shown in Fig. 1, it is possible that there is a prox-
imity enhancement of the Gd magnetization by the SmCo
underlayer. Indeed, the addition of the SmCo layer has the
effect of increasing T, independent of whether the Co or
Gd layer was grown first.
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FIG. 4. (a) Selected hysteresis loops as a function of tempera-
ture for the (Gd 40 A/Co 35 A),4/SmCo 300 A/Cu 100 A system.
Inset shows the amount of negative coercivity. (b) Magnetic con-
figurations at various points on the hysteresis loop at 10 K for the
same film.

The temperature dependence of the hysteresis loops for
the (Gd 40 A/Co 35 A),s/SmCo 300 A/Cu 100 A multi-
layer, where the first layer adjacent to the SmCo layer is Co,
is shown in Fig. 4(a). A hard/soft exchange spring behavior
is observed only above T¢p, (250-300 K) where the Co-
aligned moment of the soft Co/Gd multilayer has a spring
motion with respect to the harder SmCo layer. Here, the Gd
moment is antiparallel to Co and SmCo layers at saturation.
The exchange spring behavior is minimal because the coer-
civity of the SmCo alloy that we fabricated is on the order of
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FIG. 5. Minor-loop demagnetization curves for the
(Gd 40 A/Co 35 A);4/SmCo 300 A/Cu 100 A system at (a) 300
K and (b) 10 K.

250 Oe, whereas the coercivity of the Co/Gd multilayer is
around 100 Oe by itself at room temperature.?’

To confirm the spring motion, we measured the demagne-
tization curves above and below T, Reversible minor
loops are shown in Fig. 5 on the irreversible portion of the
hysteresis. To test the spring behavior, we strictly follow the
standard procedure.'> The magnetic field is cycled between
120 and 340 Oe to zero, as shown in Fig. 5(a). The recoil
permeability is high and has a curvature comparable to a
conventional single ferromagnetic phase magnet, as sug-
gested by Kneller and Hawig.!> However, as shown in Fig.
5(b), the spring motion cannot be confirmed below Ty,
since the reversible minor loop measured between 2.6 and
0 kOe crosses the minor loop measured between 1 kOe and
zero. The reversible minor loop, measured between 2.6 kOe
and zero, resembles part of the major loop rather than a
consequence of the spring mechanism. Although that loop
crosses the other minor loop in Fig. 5(b), it has very high
permeability and curvature, resembling more exchange
spring behavior than that of a conventional magnet. How-
ever, the dynamics here are very much different from con-
ventional exchange springs because there is antiferromag-
netic coupling at the interface between SmCo and Co/Gd
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layers below Ty, Therefore, exchange spring behavior is
confirmed only above 7oy

As shown in Figs. 4(a) and 4(b), the orientation of the
moments below Ty, is the reverse of the configuration
above Tiopp, that is, the Gd and SmCo moments are parallel
at saturation and Co is antiparallel. We observe negative co-
ercivity states between 10 and 100 K which are also called
inverted hysteresis loops. This behavior differs from the ex-
change spring behavior above Ty, in that the ferromag-
netic interaction between Co moments in the Co/Gd
multilayer and the underlying SmCo overwhelms the Zee-
man energy of the Gd moments, forcing the Gd moments to
be antiparallel to the negative coercive field [see Fig. 4(b)].
The consequence is the reversal of the Gd aligned state of the
multilayer before the magnetic field switches direction, as
shown in Fig. 4(b).

The coercive field for the hard SmCo layer increases to
over 2.5 kOe at 10 K nearly double the value for a single
layer at the same temperature, as previously shown in Fig. 2.
This too is a consequence of the antiferromagnetic coupling
between the multilayer and the SmCo. To reverse the SmCo
orientation requires domain wall creation between the SmCo
and Co/Gd multilayers. This domain wall may be in the hard
layer, in the soft Co/Gd multilayer, or where surface spins
reorient and couple strongly to the SmCo layer. Domain wall
creation due to the hard layer reversal for the exchange-
coupled rare earth/transition metal double or triple layers is
well documented.* =37 Domain wall occurs since the Zeeman
energy is larger at high fields in order to overcome the strong
antiferromagnetic coupling. In other words, this is the re-
verse mechanism where the exchange spring behavior occurs
at the reversal of the hard layer in the presence of an already
oriented soft layer.

As shown in Fig. 4(a), the negative coercivity state per-
sists as the temperature increases up to 150 K. Above 150 K,
the system gradually changes the negative coercivity state
first to a low coercivity (positive) state, then eventually to a
more coercive state as the SmCo moment dominates the total
moment at 200 K through compensation. One has to remem-
ber that 1/Mg dependent coercivity of the Co/Gd multilayer
increases asymptotically around T, where the total mag-
netic moment goes to zero. Here, My denotes the net satura-
tion magnetization. This is why the negative coercivity turns
to positive close to and below Top,. Above Ty, the ex-
change spring mechanism leads to the observed maximum
energy product with positive coercivity.

On the hysteresis loops shown in Figs. 4(a) and 4(b), at
fields between the switching of the Co/Gd layer and the
SmCo reversal, an exponential-type tail is observed between
zero field and £1 kOe on both sides of the hysteresis loop.
The exponential tail may be due to the compression of the
lateral domain wall commonly seen in exchange springs®®
and domain wall junctions.*®> However, this tail may also
be attributed to a vortex state that becomes more prominent
at low temperatures. When the field is reduced to zero, the
entire multilayer has to reverse the magnetic direction in re-
sponse to the (anti)ferromagnetic coupling between the
SmCo and (Gd)Co. However, such reversals frequently in-
duce magnetic vortices because of spin pinning at grain
boundaries and edges. This is a well-known complication of
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Magnetic tunnel junctions, requiring careful shaping of the
layer that is supposed to reverse. Micromagnetic studies®*-60
show that these vortices are very difficult to unwind. Clearly,
the effect will be strongest when the boundary pinning is
strongest, that is, at low temperatures. Although unlikely, we
may alternatively attribute this tail to a multidomain state
since the reversal of the Co/Gd multilayer may create a sec-
ondary domain wall at the interface if the initial domain wall
formed at saturation does not relax with the reversal of the
Co/Gd multilayer. It is also possible that the increasing ex-
ternal field may impose twisted states for the Co/Gd
multilayer and further complicate the understanding.

Few studies on negative coercivity states can be found in
the literature.'®%7-"! These can be classified into two groups.
The first®”-%8 found a negative coercivity state due to indirect
exchange coupling through a nonmagnetic spacer when the
coupling is antiferromagnetic. Such behavior vanishes when
the coupling is made ferromagnetic by changing the spacer
thickness. The second group of studies'®®*7" observed in-
verted hysteresis loops (negative coercivity state) due to di-
rect antiferromagnetic coupling in exchange-coupled bilayer
or trilayer systems. A general understanding of such systems
is still under debate. The observations in this paper fall into
the second group in that we are able to tune the hard layer
coercivity and thereby the negative coercivity state by con-
trolling the Cu underlayer thickness. The results presented
here are not accidental but rather demonstrate that the coer-
civity of the SmCo/(Co/Gd) system is tunable with negative
and positive values at the fully antiferromagnetic state below
Tcomp'

To test the above mentioned results and to explore any
changes when the interface between the SmCo and Co/Gd
multilayers starts with the Co or Gd layer, we synthesized a
(Co 35 A/Gd 40 A),s/SmCo 300 A/Cu 100 A sample. The
results are shown in Fig. 6. The hysteresis loop shapes and
negative coercivity states are all retained (compared with
Fig. 4) and are qualitatively independent of whether the
Co/Gd multilayer on top of the SmCo layer starts with Co or
Gd. However, at 10 K, in Fig. 6, the negative coercivity state
becomes nearly zero unlike the values in Fig. 4. We will refer
to this change and look for an explanation by calculating
exchange constants later in the text. Therefore, when there is
Gd at the interface of SmCo, it is the antiferromagnetic in-
terfacial exchange coupling that works against the Zeeman
energy at low external fields. Clearly, both the ferromagnetic
coupling of SmCo with Co and the antiferromagnetic cou-
pling of SmCo with Gd favor the same overall configuration
for the combined SmCo/(Co/Gd) system in the Gd-aligned
state at low external fields (when the Co/Gd multilayer
switches direction), as shown in Figs. 4 and 6.

Exchange constants Jg,coico and Jgmcoga are calculated
by equating the Zeeman energy of the multilayer (ML) mag-
netic moment in an applied magnetic field that is overcome
by the interaction exchange energy gain upon aligning N
spins at the interface,

Here, M and V denote the net magnetization and volume of
the ML, H is the (negative) field on the inverted loop, and J
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FIG. 6. Selected hysteresis loops as a function of temperature
for the (Co 35 A/Gd 40 A),s/SmCo 300 A/Cu 100 A system.

and S; are the effective exchange and spins at the ML/SmCo
interface. We assume single-spin interactions across the in-
terface. We use H=-130 Oe, the negative coercivity at 10 K
seen in the inset to Fig. 4 and at 100 K in Fig. 6. The total
saturation magnetization in the Gd-aligned state is Mgy
—M o+ Mg co- However, the SmCo magnetization does not
switch direction when the Co/Gd multilayer reverses its di-
rection at the negative coercive field, so the net magnetiza-
tion rotation contributing to the Zeeman energy is 2(Mgq
—M¢,) in the Gd-aligned state. We assume typical bulk val-
ues for S¢,=0.85, Sgq=3.5 and find (JS)gmcoico=0.62 meV
or (JS)smcoco/ p=1.1X10° Oe and (JS)scoga=0.23 meV
or (JS)gmcoGal p=—4.0X 10* Oe, in reasonable agreement
with exchange values found for Co/Co and Co/Gd exchange
interactions in literature.?” The average spin for SmCo is
Ssmco=0.915, so that, assuming that each ML spin interacts
with only a single spin in the SmCo underlayer, the stated
values are essentially the exchange energies. We have not
included the anisotropy terms due to the lack of proper crys-
tal structure. Although not obviously evident from Figs. 4
and 6, the negative coercivity appears to extend over a
slightly larger temperature range for the Co-interfaced
samples, perhaps reflecting the fact that |Jqncoicol
> |Jsmco/Gal- For the Co-interfaced film in Fig. 4, =130 Oe is
observed at 10 K which is approximately 200 K below
Teomp» Whereas for the Gd interfaced film in Fig. 6, largest
negative coercivity is observed at 100 K which is 150 K
below Teopmp- This comparison tends to indicate that the Co-
interfaced system sustains the negative coercivity for a larger
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temperature interval than the Gd-interfaced system.

An explanation for the crossover of coercivity from nega-
tive to almost positive at 10 K in Fig. 6 can be understood
through the characteristics of the multilayered ferrimagnets
themselves. Normally, the ferrimagnets are soft materials due
to the antiferromagnetically coupled interfaces and have co-
ercivities on the order of 100 Oe or less at temperatures far
below and far above Ty, (it is asymptotically high at
Teomp)- The coercivity of such a multilayer can also increase
in the Gd-aligned state at temperatures far below T, when
the Gd layer is sufficiently thick. That is to say, the middle of
the Gd layers can act differently than those spins proximate
to Co and this introduces twisted states into the system.
These, in turn, have the effect of increasing the coercivity.
Then, the effective ferrimagnetic Co/Gd system can be
thought of ferri- + ferro- [(Co/Gd)/Gd] type where the
single Gd layer is magnetically much harder than either of
the Co or Co/Gd multilayer. Therefore, this explanation
may be a good reason for the (Co 35 A/Gd 40 A)e/
SmCo 300 A/Cu 100 A multilayer (or any other multilayer
ferrimagnet) to exhibit an extra anisotropy at Gd-aligned
temperatures. This feature is well described in the
literature. 372

In Fig. 7, the temperature dependence of a similar
(Gd 40 A/Co 35 A);4/SmCo 300 A/Cu 1000 A multilayer
is shown, where the coercivity of the SmCo layer is in-
creased approximately 150 Oe due to the increased thickness
of the Cu underlayer from 100 to 1000 A. By doing so, as
shown in Fig. 7, we could eliminate the negative coercivity
state, although the system still remains in the fully antiferro-
magnetic state at relatively low positive coercive values be-
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low Teopp- Therefore, the negative coercivity (inverted hys-
teresis loops) state is a function of the magnetic anisotropy
of the system where one can turn it on and off, by regulating
the coercivity of the hard layer in this case. The existence of
higher coercivity indicates more grain boundaries and pin-
ning sites which show resistance to the movement of SmCo
domain walls inside the film. This may translate into the
weaker interface coupling to the Co/Gd multilayer which
prevents the negative coercivity in this case. Again at 10 K,
we observe an additional coercivity increase consistent with
the explanation for Fig. 6.

Comparing the hysteresis loops across Ty, from Figs. 4,
6, and 7, one can make a suggestion for the coercivity. The
first observation is that the coercivity is larger for the soft
phase above Ty, than below T, (exchange spring behav-
ior of the soft layer). Likewise, the coercivity is larger for the
hard phase below Ty, than it is above Ty, (exchange-
spring-like behavior of the hard layer).

PHYSICAL REVIEW B 76, 214430 (2007)

In conclusion, tunable coercivity is realized for the
SmCo/(Co/Gd) systems below Ty, A negative coercivity
state arises in the Gd-aligned state when the interfacial cou-
pling overwhelms the Zeeman energy at low external fields,
at least for a sufficiently low coercivity SmCo magnet. Nega-
tive coercivity for the SmCo/(Co/Gd) system becomes posi-
tive when the coercivity of the hard layer or the soft layer
increases depending on the ferrimagnetic characteristics of
the systems. Although negative coercivity state is indepen-
dent of whether there is Co or Gd in the proximity of the
SmCo interface, negative coercivity is observed over a larger
temperature interval for the more strongly coupled Co-
interfaced multilayer.
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