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Oriented c-axis films of the hexagonal triangular antiferromagnetic e-Mn3Ga have been used in

bottom-pinned synthetic antiferromagnet magnetic tunnel junctions with MgO barriers, which show

up to 150% tunneling magnetoresistance at room temperature. Exchange bias fields as high as

150 mT can be achieved for samples field-cooled from 100 �C. Thin films of the antiferromagnet

have a N�eel temperature in excess of 650 K and provide an interface exchange energy with CoFe of

0.09 mJ m�2. They show an isotropic uncompensated magnetization of Ms¼ 48 kA m�1, with a

coercivity l0Hc > 3 T. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768941]

The exchange interaction at the interface between anti-

ferromagnetic (AF) and ferromagnetic (F) core/shell nano-

particles1 or bilayer thin films2,3 can shift the hysteresis loop

of the ferromagnet laterally when the system is field-cooled

through a temperature known as the blocking temperature

(TB) of the antiferromagnet, which should be lower than the

Curie temperature (TC) of the ferromagnet. The blocking

temperature, below which the loop shift known as exchange

bias can be established, is generally lower than the N�eel tem-

perature (TN) of the antiferromagnet. The shift in the hystere-

sis loop is thought to be related to frustration of

uncompensated spins at the AF/F interface and/or grain

boundaries.4–6 Exchange-bias is used in giant magnetoresist-

ance (GMR) and magnetic tunnel junction (MTJ) spin valve

sensors and magnetic random access memories (MRAMs) to

pin the magnetization of the ferromagnetic fixed layer. The

strength of the exchange bias depends strongly on the mag-

netic structure, anisotropy, crystalline order, thickness, and

texture of the antiferromagnet for a given system.5,7–10 The

origin of the effect is still under discussion, and there are

several alternative models to explain this remarkable and

useful magnetic phenomenon.5,6,11

The first practical application of exchange bias, and

indeed the first practical use of an antiferromagnet (NiO), was

in GMR read heads for hard disc recording. Several other anti-

ferromagnetic systems including Fe-Mn, Pt-Mn, and Ir-Mn

are now used to induce exchange bias in magnetic thin film

devices,11 but the most commonly used material is disordered

fcc cMn1�xIrx, for which the TN ranges from 570 K for

x¼ 0.08 to 730 K for x¼ 0.25.12,13 The magnetic structure of

the disordered c phase determined by neutron diffraction

shows two possible arrangement of spins; a collinear spin state

with moments aligned with an h001i axis, and an alternative

where spins on each of four sublattices are aligned with h111i
axes.14 The ordered phase crystallizes in the cubic Cu3Au

structure with a higher TN¼ 960 K, where the Mn spins are

confined in the (111) plane with an angle of 120� between

them, forming a triangular antiferromagnet, as determined by

neutron diffraction.13 The source of the anisotropy in IrMn3 is

the strong spin-orbit interaction associated with the heavy Ir

atoms.

Here, we present oriented films of e-Mn3Ga (0001)—a

hexagonal triangular antiferromagnet—for use in MTJs with

MgO barriers. Mn3�xGa (0 � x � 1) is a versatile material

with two distinct crystalline phases which exhibit different

magnetic properties.15 The tetragonal D022 e1-phase is ferri-

magnetic with substantial uniaxial anisotropy combined with

a high spin polarization15–21 and a Curie temperature that

would be higher than 770 K, if the material did not undergo a

structural phase transition to the hexagonal D019 e-phase. A

neutron diffraction study of bulk material of composition

Mn2.85Ga1.15 indicated that it is a triangular antiferromagnet

with TN ¼ 470 6 10 K, and a small uncompensated ferro-

magnetic moment of 0.045 lB fu�1 that disappears at TN
22

The lattice parameters of bulk e-Mn3Ga are a¼ 0.5404 nm

and c¼ 0.4357 nm. The basic magnetic structure of Mn

atoms is inverse triangular, where the chirality of the two

spin triangles in the unit cell are opposite; one of the Mn

spins points at an angle of 45� from the crystalline a axis as

shown in Fig. 1 and the others are at 6120� intervals.22 The

triangular spin structures found in hexagonal Mn3X com-

pounds are thought to be stabilized by the Dzyaloshinskii-

Moriya interaction Dij.[Si � Sj], where the interaction vector

D lies along the c-axis.23–25 The weak moment has been

attributed to a slight tendency of the moments to align with

easy directions in the plane.24

Like the tetragonal D022 phase of Mn3�xGa, the hexago-

nal D019 phase can also crystallize in a range of composition

0 � x � 1, with only slight changes in the lattice parameters.

We find that oriented c-axis films of hexagonal Mn3Ga are

best grown on Ru (0001), (2 aRu ¼ 0.540 nm) due to near-

perfect lattice matching. The Mn3Ga is sputtered from a stoi-

chiometric target. The X-ray diffraction pattern of a 60 nm

thick Mn3Ga film grown on a Ta (5)/Ru (30) seed layer

shows that it is well-crystallized with a c-axis texture, as

shown in Fig. 2. The feature at 2h¼ 37.5� is a residual for-

bidden (002) Si reflection. There is no sign of the D022

phase, which gives X-ray peaks at 25.1� and 51.5�. Further

analysis of the structure of the films was conducted on thin

sections in a high resolution transmission electron micro-

scope. We carried out microscopy and diffraction studies of

a thin section of the Mn3Ga film deposited on Ru, as in the

MTJ device. We confirm the hexagonal lattice structure, and
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find lattice parameters a¼ 0.531 nm and c¼ 0.435 nm, as

expected for the D019 unit cell. We also checked the Mn:Ga

ratio in the TEM using energy-dispersive X-ray analysis and

find a value of 3.0:1, with an error of 10%.

Bottom-pinned MTJs with a synthetic antiferromagnetic

(SAF) pinned layer have been grown on thermally oxidized

Si wafers by sputtering in our high vacuum Shamrock cluster

deposition system. The e-Mn3Ga (0001) layer was grown on

a lattice-matched Ru (0001) seed layer. Initially, Ta (5)/Ru

(30) (all thickness in nm) is deposited at ambient tempera-

ture, which produces the c-axis texture on the Ru surface.

The wafer is heated to 400 �C and e-Mn3Ga (10 or 15 nm) is

deposited on the Ru. The wafer is then cooled to room tem-

perature in high vacuum (2� 10�8 Torr) and the stack

Co90Fe10 (2.5)/Ru (0.9)/Co40Fe40B20 (3)/MgO (2.5)/

Co40Fe40B20 (3)/Ta (5)/Ru (5) is deposited at ambient tem-

perature. All metallic layers were dc-magnetron sputtered

and the MgO was rf-sputtered from a target-facing-target

source.26 The MTJs were patterned into 4� 4, 4� 12, and

10� 10 lm pillars using conventional UV lithography and

argon ion milling. The patterned samples are postannealed in

high vacuum at Ta¼ 100–350 �C in a 0.8 T magnetic field

applied in the plane of the samples both to crystallize the

Co40Fe40B20 and set the exchange bias. The magnetoresist-

ance measurements were made at room temperature using

the four-probe method. MTJs were made with 10 and 15 nm

thick e-Mn3Ga layers, but the results in both cases were simi-

lar. The samples used for magnetization measurements were

unpatterned, but annealed at 100 �C, 200 �C, or 300 �C for an

hour, with or without the 0.8 T field.

Large exchange bias fields are observed for all MTJs

annealed at 300 �C and below, but the tunneling magnetore-

sistance (TMR) is low at 100 �C and 200 �C for these junc-

tions due to the partly amorphous nature of the CoFeB

electrodes, which are not fully crystallized at these tempera-

tures. High TMR is only achieved when CoFe is crystallized

and the boron is expelled.27,28 The MTJs annealed at higher

temperatures have better TMR ratios, but the higher-

temperature annealing reduces the exchange bias field Heb,

which we define as the value at which the TMR drops to half

its maximum value (Figure 3(b)). According to that figure,

TB is about 375 �C, which is considerably higher than the

bulk N�eel temperature. We conclude that the N�eel tempera-

ture in these films is at least 180 K greater than it is in the

bulk. The high N�eel temperature was confirmed by thermal

scans of the magnetization, up to 400 K.

Ga

Mn
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a

b

b

c

(a) (b)

α

FIG. 1. (a) The basal plane of e-Mn3Ga. The arrows

represent the directions of magnetic moments on

Mn atoms in their ground state. The first Mn

moment makes an angle a¼ 45� with crystalline a
axis and the angles between the Mn moments in the

same plane are 120� forming a triangular antiferro-

magnetic structure. (b) 3D view of the unit cell.

FIG. 2. 2h X-ray diffraction scan of an oriented e-Mn3Ga film grown on a

Ru seed layer. The c-parameter for the film is 0.4347 nm.

FIG. 3. (a) TMR vs. external field applied along the exchange bias direction

of a representative MTJ with 10 nm thick e-Mn3Ga antiferromagnet annealed

at 300 �C. (b) TMR and exchange bias field Hex of MTJs with 10 and 15 nm

thick e-Mn3Ga layers at different annealing temperatures. The error bars rep-

resent averages of 5–12 samples per point.
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A possible contributing factor to the loss of exchange

bias at temperatures close to TB is the degradation of the

Mn3Ga layer due to atomic diffusion. Mn diffusion out of

IrMn, becomes significant on annealing at 400 �C, has been

shown to decrease exchange bias in MTJs.29,30 In the case of

e-Mn3Ga, the degradation of exchange bias becomes signifi-

cant on annealing above 300 �C, which is not high enough to

crystallize CoFeB completely. Nevertheless a 150% TMR at

room temperature with l0Heb¼ 75 mT is achieved, as shown

in Fig. 3(a), which is good enough for some applications.

Figure 3(b) compares the variation of TMR and exchange

bias field at various annealing temperatures for stacks with

both 10 and 15 nm thick e-Mn3Ga layers. TMR values are

approximately the same for both at the best annealing tem-

perature of 300 �C. Interfacial alloying, where Ga atoms

from Mn3Ga can easily alloy with Co and Fe, becomes sig-

nificant above this temperature.31

The magnitude of the exchange-bias energy can be esti-

mated from the spin-flop field Hsf of the SAF pinned layer,

which is close to the exchange bias field, defined above. The

spin flop field32 is

Hsf ¼ 2 HexHebð Þ
1
2; (1)

where Hex is the exchange field coupling the two ferromag-

netic layers of the Co90Fe10 (2.5)/Ru (0.9)/Co40Fe40B20 (3)

SAF which each have magnetic moment m, and Heb is the

anisotropy field associated with the exchange bias. First, we

must determine Hex. Figure 4 shows the two in-plane mag-

netization curves of the complete stack annealed at 200 �C in

the 0.8 T field. The free layer switches is a small field, but

the SAF is gradually aligned when the field is applied in the

x-direction perpendicular to the exchange bias direction,

reaching saturation for l0Hx¼ 0.5 T. The in-plane SAF sub-

lattice deflection angle h is given by sinh¼Hx/Hex, hence

l0Hex¼ 0.5 T. We see from the figure that m¼ 1.0� 10�7 A

m2. The sample has area A¼ 6� 6 mm2, so the exchange

energy density for the SAF is r¼ml0Hex/A¼ 1.4 mJ m�2.

The spin flop is evident in the third quadrant of the magnet-

ization curve in Fig. 4(b), when the field is applied in the y-

direction. The field is l0Hsf¼ 250 mT, hence from Eq. (1)

l0Heb¼ 31 mT, and the corresponding exchange bias energy

density is 0.09 mJ m�2. This is about half the value for

IrMn3 (0.19 mJ m�2) and 50% greater than NiO (0.06 mJ

m�2).32 The IrMn3 antiferromagnet commonly used in mag-

netic devices has a disordered fcc structure, whereas the e-
Mn3Ga has an ordered hexagonal structure.

Finally, we comment on the origin of the weak ferro-

magnetic moment in our e-Mn3Ga films. The hysteresis

loops measured for a film with the field applied in-plane or

perpendicular to the plane are shown in Fig. 5. The magnet-

ization of 47 kA m�1 corresponds to a moment of 0.09 lB

per Mn, compared to 0.015 lB per Mn reported in bulk mate-

rial. The manganese atomic moment is 2.4 lB, so the spins

are canted by about 2-3 degrees. Weak moments have also

been reported in other D019 Mn compounds,23–25 where they

have been associated with a slight deformation of the Mn

spin directions towards the in-plane anisotropy axes. How-

ever, the data in Fig. 5 show that the weak moment is practi-

cally isotropic with a remanence ratio of �0.8 in both

directions, which suggests that it arises from exchange rather

than anisotropy. The Dzyaloshinskii-Moriya interaction is

not responsible, because it can only produce an in-plane

moment, since D has to lie along the c-axis. A possible ori-

gin is ordered vacancies, or excess Ge on the Mn sites, which

may also relieve the frustration of the sublattices, increasing

the exchange energy density and the magnetic ordering tem-

perature. The loop is not quite saturated in 5 T, as confirmed

by measuring the magnetization out to 14 T in a physical

property measurement system (PPMS), but the coercivity at

FIG. 4. In-plane magnetization curves of the MTJ stack annealed at 200 �C
measured (a) with the field applied perpendicular to the exchange-bias direc-

tion and (b) with the field applied along the exchange bias direction. The

negative slope above 0.5 T is due to the diamagnetic contribution from the

Si substrate.
FIG. 5. Room-temperature hysteresis loops for a 60 nm e-Mn3Ga film, meas-

ured parallel and perpendicular to the film plane in a SQUID magnetometer.
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room temperature is slightly in excess of 3 T. A large coerciv-

ity often goes hand-in-hand with a small magnetization, since

the coercivity is a fraction a of the anisotropy field 2Ku/l0Ms,

where Ku is the uniaxial anisotropy of whatever origin. For

example, if a were 0.3, Ku would be about 300 kJ m�3.

In conclusion, we demonstrated the use of hexagonal

Mn3Ga—a triangular antiferromagnet—in MgO-barrier

MTJs. By annealing at low temperature using 10 nm thick

e-Mn3Ga, exchange bias fields up to 150 mT can be achieved

which is a remarkably large value for an antiferromagnet

that contains no heavy elements like Ir or Pt. The tempera-

ture needed to set the bias is significantly lower than for

IrMn3. The large exchange bias is attributed to the frustrated

triangular antiferromagnetic structure, which is easily per-

turbed by exchange coupling to the adjacent ferromagnetic

layer. This triangular antiferromagnet could be useful when

it is necessary to set exchange anisotropy at a low annealing

temperature.
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