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Mechanical strain provides a knob for controlling the magnetization of the magnetostrictive-free layer of 
magnetic tunnel junctions (MTJs), with many applications for energy-efficient memory and computing. 
This requires integrating materials with high magnetostriction coefficient into MTJs, while still preserving 
the CoFeB-MgO tunnel barrier for high tunnel magnetoresistance (TMR). One way to accomplish this 
is to replace the CoFeB free layer of the MTJ with an exchange-coupled bilayer of CoFeB and a highly 
magnetostrictive ferromagnet like Galfenol (FeGa). Here, FeGa, a thermally stable magnetostrictive 
material, is integrated into CoFeB-based MTJs. We show that engineering a thin layer of CoFeB and FeGa 
provides a means of controlling the magnetic properties and switching field in FeGa-based MTJs, and 
that the exchange-coupled FeGa-CoFeB layer can be used as both a free layer and a fixed layer in the MTJ 
stack with TMR as high as 100%.

Introduction
Magnetoelectric multiferroics have gained interest due to the 
dynamic and controllable coupling between magnetization and 
charge degrees of freedom in these materials. Such magnetoelec-
tric multiferroics can be engineered by interfacing magnetostric-
tive thin films with piezoelectrics, and would enable ultrafast, 
voltage-induced switching of magnetization [1–3]. Controlling 
magnetism with electric fields allows for novel device archi-
tectures for several applications such as sensors [4], energy 
harvesters [5], and memory [6]. One such use for engineered 
magnetoelectric heterostructures is to integrate them into 
magnetic tunnel junctions (MTJs). MTJs are thin-film stacks 
consisting of a thin-insulating layer sandwiched between two 
ferromagnetic layers that are a cornerstone of spintronics, with 
use in memory [7], logic [8], neuromorphic computing [9–11], 
and probabilistic computing [12, 13]. The magnetization of the 
lower coercivity-free layer(s) ferromagnetic electrode relative 
to the higher-coercivity fixed layer(s) ferromagnetic electrode 
encodes a nonvolatile higher (bit 1) or lower (bit 0) resistance 
state. The MTJ is characterized by the tunnel magnetoresist-
ance TMR =

RAP−RP
RP

× 100% and the resistance-area product 

RA = RP × A , where A is the cross-sectional area of the junc-
tion. MgO tunnel barriers [14, 15] with CoFeB ferromagnetic 
electrodes are state of the art for high-performance MTJs. 
Magnetic field, spin-transfer torque, and spin–orbit torque are 
mechanisms used to switch the free layer in MTJs [16]. However, 
if the free layer of the MTJ structure is integrated as a magneto-
strictive layer interfaced with a piezoelectric layer and switched 
via strain induced from electric field, it leads to 1000 times lower 
energy switching compared to standard spin-transfer torque 
switching in MTJs [17] and at least 10 times lower switching 
energy compared to voltage-controlled switching of MTJs [18]. 
Strain can also be used in conjunction with other switching 
methods to increase the tunability of the MTJ resistance states, 
for example for use in probabilistic computing [19].

When strain is applied to a material, magnetic anisotropy 
is induced in the material which results in a change in the 
direction of magnetization. This behavior is known as inverse 
magnetostriction or Villari effect. The energy required to 
switch a ferromagnetic layer completely via strain is given by 
Eb =

3

2
�sσmin� , where �s is the magnetostriction coefficient, 

σmin is the minimum strain required, and � is the volume of the 
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free layer. Therefore, for enhancing the strain-based switching of 
the ferromagnetic layer, one approach is to study materials with 
larger �s leading to smaller σmin requirement, and thus, requir-
ing smaller voltages. This motivates us to explore and study the 
properties of ferromagnetic materials with high �s and their 
compatibility with MTJs.

Transition metal ferromagnets like Co, Fe, and their alloys, 
like CoFeB, are commonly used as the ferromagnetic electrode 
in state-of-art MTJs due to their high spin polarization, low 
damping, and lattice match with the  MgO tunnel barrier 
resulting in high TMR [14, 15]. However, these alloys exhibit 
relatively modest bulk magnetostriction coefficients of the 
order 10–60 ppm [20], while still showing some possibility for 
magnetoelectric switching when interfaced with a piezoelectric 
but demonstrates higher strain requirement [21–23]. There 
have been previous studies to explore properties of materials 
with high �s like FeGa [24] and Terfenol-D [25]. Terfernol-D 
has the highest magnetostriction coefficient of ~ 500 ppm, but 
it is a quaternary alloy with multiple phases, which presents 
challenges to depositing nanometer thin films. In contrast, 
the binary alloy  Fe0.81Ga0.19 demonstrates magnetostriction 
coefficient ~ 300 ppm [26], over ten times higher than those of 
transition metal ferromagnets and has been successfully sputter 
deposited. Previous studies of the electronic properties of FeGa 
show that there is an increase in spin–orbit coupling interactions 
among local states in Fe with addition of Ga atoms, thereby 
enhancing the magnetostriction [26]. Recent experimental 
studies have also confirmed that  Fe0.81Ga0.19 films exhibit 
exceptionally low gilbert damping (α = 0.012) and a significant 
magneto-mechanical coupling [27]. The high magnetostriction 
coefficient and low damping exhibited by FeGa makes it an 
exciting material choice for electrodes in straintronic MTJs, 
as it would enable a stronger magnetoelectric (ME) coupling. 
FeGa also has an excellent thermal stability with a high Curie 
temperature of 675 °C [28]. While the inclusion of Gallium in Fe 
is responsible for the increased magnetostriction, it is important 
to note that the addition of Gallium presents challenges when 
used as an ultra-thin layer in an MTJ thin-film stack. One 
significant challenge is the low melting point of Gallium, which 
is approximately 29 °C [29]. This makes FeGa a challenging 
material to integrate into MTJ devices where post-ultra-high-
vacuum (UHV) annealing is essential for achieving high TMR 
junctions. Therefore, while FeGa is promising for ferromagnetic 
electrodes for strain-based devices, no work has integrated FeGa 
into CoFeB MTJs while still preserving a robust TMR . Therefore, 
a detailed study of growth conditions, characterization, and 
optimization of thin layers of FeGa integrated into MTJs is 
needed.

In this work, we study low-energy-barrier, thermally stable 
magnetostrictive Galfenol  (Fe0.81Ga0.19) and its integration 
with  Co20Fe60B20 ferromagnetic electrodes in MTJ thin-film 

stacks. We start with characterizing the growth conditions, 
crystal orientation, and magnetic properties of the FeGa films. 
Subsequently, an ultra-thin layer consisting of FeGa | CoFeB is 
engineered as a ferromagnetic electrode material. This layer is 
studied for performing as both the free and fixed layers of an 
MTJ, showing that FeGa can pin a ferromagnetic layer without 
use of a complex synthetic antiferromagnet (SAF) thin-film 
stack. This is a direct manifestation of exchange coupling 
between the FeGa layer and CoFeB layer [30]. The latter part of 
this work focuses on the characterization of different MTJ stacks 
under various UHV annealing conditions. Our results suggest 
that optimizing the thickness of CoFeB and FeGa provides a 
means of controlling the magnetic properties and switching 
field in FeGa-based MTJs via exchange coupling of the FeGa | 
CoFeB layer. In addition, the introduction of a thin Ru spacer 
layer between CoFeB and FeGa, along with optimization of 
post-UHV annealing conditions, effectively mitigates gallium 
diffusion and improves the TMR in the MTJs. Transmission 
electron microscopy (TEM) results show a well-defined 
interface between MgO and CoFeB, with polycrystalline FeGa. 
Therefore, this study provides a comprehensive analysis of the 
growth, properties, and performance of FeGa films, as well as the 
development and characterization of MTJ stacks incorporating 
both FeGa and CoFeB materials for application in straintronics.

Results and discussion
Galfenol films with thicknesses of 10 nm, 30 nm, and 80 nm 
were deposited via sputtering onto silicon (substrate)|100 nm 
 SiO2.The magnetic properties of the films are studied using a 
vibrating sample magnetometer (VSM). Figure 1(a) shows the 
in-plane hysteresis loop of the films. The volume saturation mag-
netization for 10 nm, 30 nm, and 80 nm films is 74 kA

m
 , 95 kA

m
 , 

and 94 kA
m

 , respectively. The coercivity of the films ranges from 
4.1 mT to 5.5 mT as shown in Fig. 1(b), ultimately showing that 
the coercivity is approximately constant with respect to thick-
ness. This suggests that the growth conditions are optimum, and 
that the intrinsic magnetic properties of the films are relatively 
stable [27]. To further understand the properties of sputtered 
films, X-ray diffraction (XRD) is used to study the crystal ori-
entation of the 30 nm film. Figure 1(c) shows the out-of-plane 
XRD diffraction pattern, which shows that the preferred crystal 
orientations are in the (110) directions for high magnetostric-
tion of FeGa alloy. The interplanar distance is calculated to be 
2.05 Å, with 2θ = 44.5◦.

FeGa by itself might not be a sufficient electrode material for 
high on/off ratio in MTJs, since well-defined �1-symmetry states 
near the Fermi energy are not studied in detail and polycrystal-
line grain boundaries reduce TMR[31]. Therefore, engineering 
a coupled FeGa | CoFeB magnetic layer is essential to achieve 
junctions with high magnetostriction and an acceptable TMR . 
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Figure 2 shows our results integrating the FeGa into the CoFeB 
ferromagnetic layer of MTJs. Figure 2(a) depicts the grown MTJ 
stacks, where X and Y represent various thicknesses of FeGa 
and CoFeB, respectively. Several samples of FeGa|CoFeB are 
sputtered, but here, we study and discuss magnetic properties 
for four exemplar MTJ stacks. In these MTJ stacks, the 5 nm 
bottom Ta layer is used as an adhesion layer; the top 5 nm Ta 
as a protective capping layer to prevent degradation of the top 
6 nm CoFeB layer on top of the 2 nm MgO tunnel barrier. Four 
different combinations of bottom CoFeB and FeGa thicknesses 
are studied: 4 nm FeGa with 2 nm CoFeB, 4 nm FeGa with 4 nm 
CoFeB, 5 nm FeGa with 2 nm CoFeB, and 5 nm FeGa with 4 nm 
CoFeB. In-plane magnetic hysteresis for the various stacks is 
shown in Fig. 2(b). The blue and green hysteresis loop for X = 4, 
Y = 2 and X = 4, Y = 4 shows similar switching fields of the fer-
romagnetic layers. The red hysteresis curve shows that for X = 5 
and Y = 4, the two switches are slightly distinguishable, but the 
field range between switches is smaller compared to the previ-
ous two stacks. For the stack with FeGa X = 5 and CoFeB Y = 2, 
the magnetic hysteresis shows a distinct switching mechanism 
as shown in the black hysteresis loop. Figure 2(c) shows the 

switching field values for the top CoFeB layer labeled as switch 
1, along with the coupled FeGa|CoFeB layer labeled as switch 
2. For all the samples, the top CoFeB layer switches within a 
range of 1 mT to 2.2 mT, showing that the free layer switching is 
independent of the bottom FeGa|CoFeB layer switching. For the 
stacks X = 4, Y = 2, and X = 4, Y = 4, the switching field is meas-
ured to be 9.4 mT and 9.8 mT, respectively. These results show 
that 4 nm FeGa exhibits dominant coercivity and effectively 
couples with both 2 nm and 4 nm CoFeB layers. For the sample 
with X = 5 and Y = 2, the two switches are 2.2 mT and 16 mT. 
These values suggest that the FeGa|CoFeB is well coupled and 
switches at a larger field compared to the free layer inner switch. 
The top CoFeB in all of the MTJ stacks is soft and switches at 
low field shown by the inner switch. Here, a thicker FeGa layer 
with higher coercivity influences the switching behavior of the 
bottom CoFeB layer, causing it to switch at a larger field along 
with the FeGa layer. In the stack with X = 5 and Y = 4, the values 
of switch 1 and switch 2 are 1.6 mT and 7.4 mT. Here, we notice 
that the FeGa|CoFeB switch has come in a lot towards the free 
layer switch as shown in red curve in Fig. 2(b). This could be due 
to more diffusion or intermixing resulting from thicker FeGa 

Figure 1:  Characterization of FeGa thin films. (a) In-plane magnetic hysteresis loop of FeGa films for 10 nm, 30 nm, and 80 nm thickness. (b) Coercivity vs 
thickness of FeGa films. (c) XRD data for the 30 nm FeGa film.

Figure 2:  (a) MTJ stack; X and Y represent thickness of FeGa and CoFeB, respectively, in nm. (b) In-plane magnetic hysteresis loops of the FeGa MTJ 
stacks with varied X and Y. (c) Switching fields for the MTJ stacks.
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and CoFeB layers, as well as from loss of Boron during the inter-
mixing. These results suggest that optimizing the thickness of 
CoFeB and FeGa provides a means of controlling the magnetic 
properties and switching field in FeGa-based MTJs via exchange 
coupling of the FeGa|CoFeB layer.

UHV annealing of MTJs post-deposition is essential to 
achieve high TMR , as the MgO | CoFeB interface is amorphous 
and becomes polycrystalline or crystalline, allowing desir-
able electronic properties, after annealing [32]. In this study, 
we conduct UHV annealing on the MTJ stacks under various 
temperatures. Figure 3(a) presents the in-plane hysteresis loop 
of the Substrate|Ta (5)|FeGa (5)|CoFeB (2)|MgO (2)|CoFeB 
(6)|Ta (5) stack, with the numbers indicating layer thicknesses 
in nm, at several annealing temperatures. All anneals are done 
for 1 h at a pressure of 10−8

Torr . The black hysteresis loop is the 
easy axis measurement of the sample as grown. The blue and 
green hysteresis loops show the magnetic properties of the films 
annealed at 225 °C and 250 °C, respectively. The FeGa|CoFeB 
coercivity has reduced, but the two switches are still distinguish-
able. When annealed at 270 °C (red curve), the two switches 
are almost indistinguishable. This suggests intermixing of the 
electrode layers during annealing, which would be undesirable 
for the symmetry-filtering properties of the MgO|CoFeB which 
permit large TMR.

To investigate the degradation of the two switches in the 
annealed samples, we performed ion milling on the 270 °C 
annealed MTJ stack. Figure 3(b) shows the endpoint detec-
tor data during etching, with the x-axis representing the etch-
ing time and the y-axis indicating the count of each element 
detected. During the etching, boron was detected at around 
8 min, followed by Fe at approximately 10 min. A sharp peak of 
Mg appeared at around 11 min, accompanied by a shoulder peak 
from Gallium. This suggests that Gallium diffuses into the MgO 

layer during post-annealing of the sample, leading to intermix-
ing of the layers, thus, potentially degrading TMR and reducing 
the magnetostriction coefficient from displaced Ga in the FeGa 
layer. Therefore, careful selection of annealing temperature and 
duration is crucial to preserve the desirable properties of the 
MTJs and prevent the unwanted diffusion and intermixing of 
layers.

To reduce gallium diffusion into the MgO layer and opti-
mize the exchange coupling within the electrode, we insert a 
thin Ru spacer layer of thickness 0.8 nm at the bottom CoFeB 
and FeGa interface. The MTJ stack is sputtered with the follow-
ing layers: Substrate|Ta (5)|FeGa (5)|Ru (0.8)|CoFeB (2)|MgO 
(~ 2)|CoFeB (6)|Ta (5). The stack is UHV annealed at 270 °C for 
1 h. Figure 4(a) shows the in-plane hysteresis of the stacks with-
out (blue) and with (red) the Ru spacer. The Ru spacer restores 
two distinct switches at 1.5 mT and 8 mT, indicating reduced 
intermixing of the ferromagnetic layers. This is corroborated by 
etching through the stack, Fig. 4(b). The top Ta layer was first 
etched through and detected at around 19 min, followed by Fe 
and Co at approximately 23 min. We observe a sharp peak of 
Mg at around 26 min of etched time with no shoulder peak of 
Gallium. This confirms that there is no diffusion of Ga at the 
MgO and ferromagnetic layer interface. A sharp Ga peak was 
observed at around 28 min after the second peak of Co and Fe, 
suggesting that insertion of a thin Ru layer helps prevent Ga dif-
fusion. This shows that with Ru insertion, the FeGa-integrated 
MTJ can withstand higher annealing temperatures, necessary 
for increasing the TMR.

Structural analysis was performed to understand the micro-
structure and interface between layers in the MTJ structure. 
Figure 5(a) displays the TEM image of the annealed at 270 °C 
for 1-h MTJ stack with layers Substrate|Ta (5)|FeGa (5)|Ru 
(0.8)|CoFeB (2)|MgO (~ 2)|CoFeB (6)|Ta (5). In Fig. 5(a), we 

Figure 3:  (a) In-plane magnetic hysteresis loops of the FeGa MTJ stacks, as grown and at different post-deposition UHV annealing temperatures. (b) 
Elemental analysis while etching through the layers in time, for the sample annealed at 270 °C.
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observe that the MgO|CoFeB interface is sharp and that there 
is little diffusion of electrodes into the MgO layer, showing that 
with the Ru interlayer present, the FeGa is not creating grain 
boundaries or increasing roughness at the MgO interface. The 
MgO is observed to be amorphous, which could be due to the 
crystal structure of the FeGa-CoFeB bottom interface compared 
to a usual amorphous CoFeB bottom electrode [33]. The CoFeB 
layers are found to be partially polycrystalline. The 5 nm thin 
layer of FeGa is polycrystalline, as expected from our single-
layer characterization of the films. Figure 5(b) shows the energy-
dispersive X-ray (EDX) elemental mapping of O (red), Mg 
(green), Fe (blue), Co (yellow), and Ta (magenta) from top to the 
bottom of the MTJ structure. Due to Ga ions used to create the 
TEM lamella, Ga could not be directly observed. The Ru was too 
thin to be detected in EDX. It is evident that approximately 5 nm 
from the top, there is a distinct layer with higher concentrations 

of O (red) and Mg (green). At the interface of the Mg and O 
layer, we observe a thin layer with a higher concentration of 
Co which is evident in the yellow mapping, indicative that the 
CoFeB layer has adhered to the FeGa layer. In the elemental 
mapping of Fe, indicated by the blue color, there is high con-
centration of Fe for roughly ~ 7 nm below the MgO layer. This 
shows that Fe concentrations are both from the CoFeB and FeGa 
layers. The magenta color mapping represents the presence of 
the Ta below the FeGa layer.

Current in-plane tunneling (CIPT) [34] measurements were 
performed to measure the TMR for five different stacks, with 
results shown in Fig. 6(a). The TMR ranges from 11% to greater 
than 100%. Stacks 1, 3, and 4 correspond to the MTJ structure 
discussed in Fig. 4(a) without Ru spacer layer, and post-UHV 
annealed at 270 °C for 1 h, 300 °C for 1 h, and as grown, respec-
tively. The TMR values of the three stacks are measured to be 

Figure 4:  (a) In-plane magnetic hysteresis loops of the FeGa MTJ stacks, with and without Ru spacer at the FeGa/CoFeB interface. (b) Elemental analysis 
while etching through the layers in time, for the sample annealed at 270 °C with a Ru spacer.

Figure 5:  (a) Transmission electron microscopy image of the Ta (5)|FeGa (5)|Ru (0.8)|CoFeB (2)|MgO (2.5)|CoFeB (6)|Ta (5) MTJ stack; numbers in the 
bracket are in nm. (b) EDX elemental data analysis from the top to the bottom of the MTJ stack with a zoomed in TEM image of the FeGa layer.
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11%, 3.2%, and 12%, respectively. These results further support 
the claim discussed earlier, which suggests that TMR deteriorates 
with increasing temperature due to higher diffusion of gallium 
at elevated temperatures. On the other hand, Stack 2 represents 
the MTJ structure discussed in Fig. 4(a), with the addition of 
a Ru spacer layer, post-UHV annealed at 270 °C for 1 h. This 
stack exhibits an enhancement of TMR to 26%. Our results 
indicate that the introduction of Ru between the CoFeB and 
FeGa interfaces enhances the TMR from 11% to 26% for samples 
post-UHV annealed at 270 °C for 1 h, showing reduction of Ga 
diffusion with a spacer layer. Therefore, a thin Ru spacer layer 
between FeGa|CoFeB is critical to withstand higher annealing 
temperatures and results in enhancement of TMR.

Stack 5 demonstrates TMR exceeding 100%. The struc-
ture of this stack is different than the ones discussed in the 
earlier sections. Stack 5 is a synthetic antiferromagnet (SAF) 
pinned FeGa MTJ stack, composed of Substrate|Ta (5)|FeGa 
(5)|CoFeB (2)|MgO (2)|CoFeB (6)|Ru (0.8)|CoFe (2.5)|PtMn 
(20)|Ta (5). The SAF structure consists of CoFeB (6)|Ru 
(0.8)|CoFe (2.5)|PtMn (20) as the top-fixed electrode layer, and 
FeGa|CoFeB as the bottom-free layer of the MTJ. Figure 6(b) 
shows the in-plane hysteresis loop of the stack at different post-
annealing conditions, including as grown, 270 °C for 1 h, and 
360 °C for 1 h, with an in-plane applied magnetic field of 250 mT 
during annealing. The hysteresis loop shows that the sample at 
270 °C reveals the presence of two outer loops, a characteristic 
of the pinned SAF layer [35], which helps keep the switching of 
the two layers distinct, promoting higher TMR [36]. Therefore, 
including a SAF-pinned layer allows for the FeGa|CoFeB elec-
trode to be the free layer in these junctions, while still having 
high TMR , for use in strain-controlled applications.

Conclusion
In this work, we show that by optimizing both FeGa and CoFeB, 
we can create a coupled FeGa|CoFeB electrode and control its 
switching field and coercivity in MTJ thin-film stacks. The 
FeGa|CoFeB is shown to operate as both the fixed and free layer 
of the MTJ, showing that FeGa can pin a ferromagnetic layer 
without use of a complex synthetic antiferromagnet (SAF) thin-
film stack, or can be used with a SAF to then manipulate the 
FeGa-based free layer with strain, while not sacrificing TMR . 
Magnetoresistance measurements show TMR as high as 100% 
in these junctions. These results show that FeGa with CoFeB can 
be considered as a promising magnetic electrode for MTJ-based 
magnetic devices and paves the way for incorporating them onto 
piezoelectric substrates, where a challenge is potentially higher 
substrate roughness compared to silicon.

Methods
An AJA Orion sputter system with base pressure 1.0× 10−8

Torr 
is used for the thin-film growths. An argon flow rate of 33 
standard cubic centimeters per minute (sccm) is used for all 
sputtering processes, with DC sputtering for the metals and RF 
for the insulator. The FeGa films are sputtered from a composite 
FeGa target using a power of 60 Watts at an Argon pressure 
of 3 mTorr. The surface roughness of the FeGa films was 
measured via atomic force microscopy to be less than 1 nm. The 
growth condition of MgO was optimized to obtain 001 crystal 
orientation (see Supplemenatry Information). The CoFeB was 
sputtered using a composite target of 20:60:20 (atomic %) and 
post-UHV annealed. UHV annealing is performed using the 
same tool at a base pressure of 1.0× 10−8

Torr.

Figure 6:  (a) TMR of the various FeGa MTJ stacks. (b) In-plane magnetic hysteresis loops for the SAF FeGa MTJs at various annealing temperatures. Inset 
depicts the stack.
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Hysteresis loops are measured using a Microsense-vibrating 
sample magnetometer (VSM). XRD is performed using a Rikagu 
Ultmia IV to determine the crystallinity of the films. In-plane 
and out-of-plane measurements are used to measure the 2 θ and 
2 θ-ω angles of the sputtered film. TEM is performed using a 
JEOL NEOARM Low kV STEM Corrected tool to study the 
nanostructure of the MTJ films, with lamella prepared using a 
Scios 2HiVac focused ion beam tool. Elemental mapping using 
EDX is performed during the TEM analysis of the film. An AJA 
ion miller is used to etch the stack, and the inbuilt secondary 
ion mass spectroscopy is employed to analyze the counts of the 
etched ions. TMR of the sputtered films is measured using a 
Smartprober TT CIPT tool at NVE corporation.
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