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Enhanced stability in spin transfer nanopillars due to a Fe/Gd/Fe trilayer
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A sharp antiferromagnetic boundary of Fe/Gd is found to affect notoriously the critical current for
spin transfer torque (STT). Transport measurements performed on nano-patterned spin valves show
that when a Fe/Gd/Fe is added as a top layer, the effect of spin transfer on the free layer is
dramatically reduced. The critical current increases up to one order of magnitude at 10K and five
times at room temperature. We show that this increase cannot be fully explained by the macrospin
approximation and we argue that it is due to a torque at the Gd/Fe interface that opposes the STT in
the free layer. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821510]

Magnetic structures and alloys based on transition metal
(TM) and rare-earth (RE) elements have been the focus of
fascinating research due to the variety of peculiar properties
characteristic of the combination of these two types of mate-
rials. The antiferromagnetic coupling between many RE and
TM! can give rise to negative magnetoresistance (MR) both
in multilayers® and alloys.* Recently, RE and their alloys
have shown to affect drastically important magnetic proper-
ties in a TM layer, like polarization,” precessional frequency
of the magnetization,’ and damping.” Also, they have been
used to reduce spin transfer noise in reading heads,® which
could eventually be one of the main problems associated to
their drastic reduction in size.”

Within RE, Gadolinium is of special interest because it
is ferromagnetic up to room temperature (T =293 K) and
it has a very large magnetic moment at low temperatures.
Permalloy doped with Gd has shown great potential for
several applications, such as tuning the resonance frequency
of a magnetic domain wall,'? its velocity in magnetic nano-
stripes,'’ or even control the spin polarization of the
material. >

In this work we study the influence of Gadolinium on the
spin transfer torque (STT) using Permalloy (Py) based nano-
pillars. We report a remarkable increase in the critical current
required to destabilize the Py layer when a Fe/Gd/Fe ferri-
magnetic trilayer is added onto the structure. The origin of
this enhanced stability cannot be understood solely with the
macrospin approximation and we show that it is likely caused
by a torque at the Fe/Gd interface that opposes the standard
STT in the free Py layer. Our results are potentially very rele-
vant for systems where the STT noise is an issue, like on hard
drive reading heads where an increase of the critical current
might be desirable. Indeed, other ferrimagnetic structures
have been already successfully applied in spin valves in order
to increase the critical current for STT.'? The use of a thin
layer of Gd seems to add stability to this type of structures
with no or little detriment in their performance.
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The basic structure used in this study is SiO2// Cu(60)/
CoFe(12)/ Cu(10)/ Py(4)/AFL/Cu(8) where Py stands for
permalloy (NiggFe,) and AFL is an artificial ferrimagnetic
layer of Fe(1)/Gd(1)/Fe(1). The numbers represent the thick-
ness in nanometers. The reason for using Fe/Gd/Fe rather
than a single layer of Gd is that Gd diffuses in Co and Ni,
but it forms a very sharp antiferromagnetic interface with
Fe.">'* In addition, due to the exchange interaction at the
interface with Fe, a thin Gd layer can remain ferromagnetic
up to high temperatures (~1000K),"*'> which is very useful
for room temperature or higher temperature operation.

In order to understand the effect of the AFL, we have
also measured a control sample with only Py in the free layer
(i.e., Si02// Cu(60)/ CoFe(12)/ Cu(10)/ Py(4)/ Cu(8)). All
samples were deposited by DC magnetron sputtering at room
temperature on thermally oxidized Si substrates. The base
pressure was always lower than 6 x 10~® mbar. Special pre-
cautions were taken to avoid Gd oxidation and interface con-
tamination, using only ultra-purified Ar and depositing the
Gd and surrounding layers within few seconds. Scanning
Transmission Electron Microscopy (STEM) combined with
Electron Energy Loss Spectroscopy (EELS) was previously
performed on these structures to check the continuity of the
thin layers and the interfacial roughness.'*

Using a combination of electron beam lithography and
ion milling, the films were then patterned into elliptical pil-
lars of 50 by 150nm (cross sectional area S=35.9
x10~* um?). The pillars were partially patterned to the inter-
mediate Cu layer so the nanopillar corresponds only to the
free layer. With this geometry, the bottom unpatterned CoFe
layer is not affected by STT, which helps with the interpreta-
tion of the results. For both structures, we have measured a
minimum of five devices both at RT and low T, obtaining a
high consistency and good reproducibility of the results. The
electrical measurements were performed with a DC current
on a two contact geometry. We define positive current when
the electrons flow from the reference unpatterned layer to the
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free layer. Therefore, positive current favors stabilization of
the parallel state (P) while negative current favors the anti-
parallel state (AP).

Figure 1(a) shows a typical R-H loop for both devices.
As it can be seen, in both samples, after saturation, the free
layers switches before reaching H =0. This is due to strong
dipolar field acting on the free layer, likely caused by a small
over-milling that reached the reference CoFe layer. By meas-
uring minor loops on our samples, we can directly extract
the coercive field in both samples HZ"™ (see Figure 1(a))
and then the dipolar field can be easily obtained from the
R-H curve at [=0. The value of this dipolar field is approxi-
mately H,~ 70 Oe for the AFL device and 55 Oe for the Py
device. The coercivity of the CoFe unpatterned layer is
H:F* =32 0e for both samples and the coercivity of the
free layer is around HZ"° =60 Oe for the AFL devices and
55 Oe for the Py device once patterned. Interestingly, for the
Py/AFL device, the dipolar field induces a double transition
of the free layer as shown by the dotted line in Fig. 1(a).
Coming from positive saturating field, the free layer switches
first at around +200QOe, then at —320Oe the CoFe layer
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FIG. 1. (a) Room temperature R-H loops for the Py device top and the AFL
device bottom. The loops are vertically displaced for clarity. In the bottom
loop for the Py/AFL device, the dotted line indicates the switching field of
the bottom CoFe layer. The cartoons with arrows indicate the direction of
the CoFe (double arrow) and free layer (single arrow) at different fields
on the negative branch of the loop. The insets show the minor loops of the
free layers. (b) AR-I loops at 10K and low field for a control sample with Py
as free layer (top) and for the Py/AFL device (bottom). The loops are verti-
cally displaced for clarity. The cartoons represent the structure of the Py and
the Py/AFL devices.
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reverses, forcing the free layer to switch again due to the
dipolar field, going back to having both layers antiparallel.
This antiparallel arrangement is sustained until the external
field reaches H,;+ H"°°~1350e. For zero current, this
double switching is only found in the Py/AFL samples and it
is very obvious in some other devices (not shown here). The
reason is the higher dipolar field in the AFL samples and the
higher magnetic moment of the Py/AFL layer, which is
therefore more affected by the dipolar field.

Let us first analyze the results at low temperature, meas-
ured on a cryostat at 10K. Fig. 1(b) shows the R-I loop at a
small magnetic field for both samples following the sequence
[ =0——1,,—+I,.,—1=0. Both devices begin in the P
state (minimum resistance) and switch to the AP state at a
given negative critical current /-” " which is considerably
higher for the device with AFL. The AP state remains stable
until —/,,,.. By applying positive current, the control sample
switches back to the P state at a critical current /-7~ as
expected from the STT (Fig. 1(b) top). In this control device
{17 74P| > 127 7|, which is the usual behavior in the
Slonczewski model.'® On the other hand, the maximum posi-
tive current applied in our measurements is not large enough
to switch the device with the AFL back to P state. This
means that Ic*" 77 >9.5mA for this device and |Ic7 "7
< |1c* 7", in contrast to the usual behavior.

Figure 2 shows selected R-I loops measured at 10K for
the control sample and the corresponding phase diagram.
The colored diagram has been obtained by plotting the posi-
tive branch (i.e., the branch that goes from —/,,,, to +1,,,.)
of the R-I loops for different fields. Between each R-I loop
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FIG. 2. Selected R-I loops at different fields at 10K for a control Py device
(a) and stability phase diagram (b). The current sequence was /=0
——Iyax—+1ax—0. The quadratic effect of the Joule heating depends on
the direction of the current (smaller slope for negative currents). This is
probably due to the Peltier effect in the structure.
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the device was saturated in the negative direction to reset its
magnetic state. AR was obtained by subtracting an R-/ refer-
ence loop measured at saturation (stable P state) to the R-/
curve for every field value. Therefore, AR = 0 corresponds to
P state (dark blue in the diagrams). In order to include in the
diagram the information of the negative branch (from +/,,,,,
to —/,,.4), we have added colored lines to highlight the dif-
ferent transitions. A brown line indicates a transition from
AP to P-state in the positive branch (—1,,,, to +1,,,,) and a
black line represents transitions from P to AP-state on the
negative branch of the R-I loop. Therefore, these two lines
enclose the hysteretic bistable AP-P region of the diagram.

For this control sample with only Py in the free layer,
the highest coercivity is obtained at 550Qe, with 174"
=—2.1mA and I-*"7" = 40.6 mA, resulting in a switching
critical current of (Ic) = — 17742 =1.35mA
(2.3x10” A/cm?). Note also that outside the hysteretic area,
reversible transitions are predominant up to very high fields
where the critical current increases linearly with the field, as
expected from the Slonczewski model. This might be an in-
dication of a sustained precession of the free layer at high
fields, although this could not be confirmed in our measure-
ments up to 6 GHz.

The phase diagram for the sample with the AFL is
shown in Fig. 3(b). The red area that represents the hysteretic
region is much broader in this sample. It is clear that once
the Fe/Gd/Fe layer is added to the structure, both /"~ and
ICP —AP experience a dramatic increase. In fact, the current
cannot switch from AP to P-state in the hysteretic region
(from —29 Oe to 70 Oe). This implies that /-**~ is higher
than 9.5 mA, the maximum current applied. For this sample,
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FIG. 3. Selected R-I loops at different fields at 10K for a sample with AFL
on the free layer (a) and corresponding stability phase diagram (b). The cur-
rent sequence was again I = 0——1,,,,,—+1,,,:—0.
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FIG. 4. Stability phase diagram at room temperature for a sample with Py as
free layer (left) and Py/AFL (right), showing the increase on current stability
by adding the AFL to the structure.

the highest coercivity is obtained at —29 Oe, with I." "
=—9mA and AP at least +9.5mA. Therefore
(Ic) =9.25mA (1.6x10® A/cm?), almost an order of magni-
tude higher than in the Py sample. The light blue areas of
Fig. 3(b) show irreversible transitions from P to an interme-
diate state of small AR (see also red and orange loops in
Fig. 3(a), which might be associated to metastable domain
formation that can be removed by large positive currents,
returning the device to P-state.

Before discussing the results, we show in Fig. 4 the
phase diagrams for both a Py sample and an AFL sample at
room temperature. As it can be seen, the AFL sample has
still a much larger critical current. This was expected as a
thin Gd layer remains ferromagnetic between the Fe layers,
as shown by ourselves and other authors in previous
reports.'*!> At room temperature, the critical current in a Py
sample is measured around 1.7 mA (2.9x 107 A/cmz), while
for a sample with AFL the critical current is approximately
7.9mA (1.3x10* A/em?), almost 5 times larger than in the
control sample.

In order to understand the reasons behind the larger sta-
bility of the sample with AFL, we have studied the effect of
the Fe/Gd/Fe trilayer on the magnetic properties of the Py
layer. In Fig. 5 we show the Ferromagnetic Resonance meas-
urements performed on unpatterned films with the same
structure and thickness of the free layer in our devices.
By fitting to the Kittel formula many pairs of values
(Af — Hgxr) in the high field region, and determining experi-
mentally the Mg and the gyroscopic constant y, our measure-
ments lead to a damping factor of opy, = 0.02 for Py, which is
quite high for this material, and opy_sp;.=0.011 for a
Py/AFL layer. These values, obtained in films at RT, may
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FIG. 5. (a) Imaginary part of the permeability measured at high fields and
room temperature on a Py(4nm)-film (black) and a Py(4nm)/Fe(1 nm)/
Gd(1 nm)/Fe(1 nm)-film (red). (b) Ferromagnetic resonance data (symbols)
adjusted to the Kittel equation (line).
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change on the patterned nanometric devices but they are a
good indication for our discussion. We have measured also
the values of Mg at RT, extracted from the hysteresis loops
measured with the field applied perpendicular to plane for
films with the same thickness as the ones used in the devices.
The values obtained are pyM¢=0.55T for Py and 0.85T for
Py-AFL. Please note that the saturation magnetization of Py
can be considerably smaller in thin films compared to the
bulk value.!” The value of My at 10K for the films was also
extracted using a SQUID magnetometer, resulting in
UoMs(Py) =0.7T and pyMg(Py-AFL)=1T.

In the macrospin approximation, the critical current for
spin transfer reversal is described by the following expression:

. 2eaM St < H
‘" nglop T

where Mg, S, t, o, p, g(0), and H are the magnetization, sur-
face, thickness, damping, polarization, angular factor, and
effective field acting on the free layer, respectively. Ideally,
the comparison between both samples should be done when
the hysteretic region in the stability diagrams is centered on
H y=H,,,+H;=0. In our samples this is not possible
though, as the coercivity of the CoFe bottom layer is smaller
than the dipolar field and its switching occurs before H,,,
can compensate H,. On the other hand, the stability phase
diagrams show that the increase of /- from a Py sample to an
AFL sample is very similar in the entire hysteretic region
(red area) so we can always compare /- at a similar effective
external field H,, + Hg;, in both devices.

From the macrospin approximation we can see that
1./ (aMSt) o< Hop /p. Introducing all the values measured at
RT, we obtain /o/(aMSt) =7.1x10% Acm >nm ™~ 'T ! for the
control sample and 20x10®* Acm ?nm 'T~' for the AFL
sample, a factor 3 increase which is only slightly smaller to
our experimental findings. As we are comparing these
amounts at similar H,g, the increase of the critical current
could be interpreted either by a reduction of the spin polar-
ization by a factor of 3 due to the introduction of the AFL'®
or by the AFL providing somehow an additional way to dissi-
pate energy and rate of work by the spin torque.'? None of
these two explanations is satisfactory due to the following
reasons. First, the values of AR in both samples are quite sim-
ilar, indicating that the spin polarization p is also quite simi-
lar in the two samples. Note that the thickness of the Py
under the Fe/Gd/Fe trilayer is 4 nm, similar to the spin diffu-
sion length of Py (5nm) and it has been shown by ourselves
and other authors that for this thickness of Py (or larger) the
value of AR should not be affected by the presence of topping
layers.®'®1? Second, if any of the above two explanations
were correct, one would expect an increase of [Ic" 7| (elec-
trons flowing from AFL to the CoFe layer), and similar or
smaller increase of |[Ic*"7"|. This is indeed what was
observed when a Synthetic Antiferromagnetic layer was
introduced in the free layer'>* or when a capping layer
increases the damping o in the free layer,® but it is the oppo-
site to our observations. In our case, it is |[[c*" "] the one
that increases more dramatically by introducing the AFL.
This suggests that an entire different mechanism is behind
the enhanced stability introduced by the Fe/Gd/Fe trilayer.

Appl. Phys. Lett. 103, 122404 (2013)

In rare-earths both the conduction and binding are due
to electrons which only have a small contribution to the mag-
netic moment of the substance and most of this moment
comes from the strongly localized 4f electrons on the rare
earth atoms. Therefore, in our AFL devices for positive cur-
rents, all the angular momentum carried by the spin polar-
ized current in the Py layer must be transferred to the
antiparallel Gd layer at the interface between the 3d Py/Fe
and the 4f Gd. The effect of this sudden transfer of angular
momentum can be observed experimentally in any standard
Spin Valve just by inserting a very thin Gd layer between the
non-magnetic layer and the free layer. By doing so, the MR
value drops to zero®! indicating that all the spin information
is lost at the interface between the Gd and the transition
metal. We have also done some calculations of spin accumu-
lation and torque in the different layers (not shown here) and
the profile in Gd changes only for a spin diffusion length
below 0.5 nm, which agrees with our argument.

In the control Py device, the free layer suffers the stand-
ard STT that destabilizes the AP state for positive current at
ICAP ~F_On the other hand, for the devices with the AFL, the
free layer must experience an additional torque that comes
from the sudden spin transfer at the antiferromagnetic Gd/Fe
interface. As the Gd couples antiferromagnetically with the
rest of the free layer, this additional torque goes in the oppo-
site direction to the standard one and would promote the AP
configuration of the entire free layer for positive current,
leading to an effective increase of the critical current
1APP,

The opposite contribution to the torque caused by the
antiparallel Gd should be stronger in the positive current
direction, when the electrons flow from the reference layer
towards the Py/AFL free layer. For negative current direc-
tion, only electrons reflected at the CoFe layer destabilize
the free layer magnetization. This is in good agreement with
our experimental results, where we observe that the increase
of the critical current from the Py control devices to the AFL
devices, is higher for the positive current direction, even
resulting on [Ic*" 7| > |I."7*"|, which is opposite to what
is usually measured.

The Fe layer by itself cannot be the cause of the
enhancement of the critical current. Its spin polarization has
a similar value of that of Co, Ni, or Py and, more signifi-
cantly, the same sign.”*>* Therefore, the Py/Fe ferromag-
netic boundary is unlikely going to contribute to an opposite
torque like the Fe/Gd antiferromagnetic interface.

In conclusion, we have shown that a thin trilayer of
Fe/Gd/Fe can stabilize the free layer of Py-based nanopillars
against STT. At 10K, the factor of enhancement can be
almost an order of magnitude, while at RT it can increase by
a factor of 5. By measuring the values of Gilbert damping
and saturation magnetization of the free layer, we show that
this effect cannot be explained solely by the Slonczewski
macrospin model. We argue that this enhancement of the
critical current in the sample with AFL is due to an addi-
tional torque at the Fe/Gd interface that goes in the opposite
direction to the main spin transfer torque. The total AR of
the device does not change much by adding Fe/Gd/Fe, as the
thickness of the Py layer underneath is of the order of its
spin diffusion length. Therefore, this type of trilayers might
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constitute a potential solution to problems of stability in
some nanometer-size devices.
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