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phase is stable with Pt composition between 33 and 60 at%. [ 7 ]  
Depending on the Pt composition, the Néel temperature and 
lattice parameters can be largely varied. In addition to its robust 
AFM order in bulk, it has a spin-fl ip transition driven by the 
 c -axis contraction in highly ordered single crystals, where the 
spin axis changes from the  c -axis to within the  c -plane upon 
heating across the transition temperature. [ 6,8 ]  Such a strongly 
structure–magnetism correlated system is indeed an ideal 
candidate for the electrical control of spin structure via strain-
mediated ME coupling, provided that highly ordered single-
crystal MnPt fi lms could be successfully integrated on proper 
functional oxides. On the other hand, the relativistic spin–orbit 
coupling of the AFM alloys makes it highly applicable to AFM 
spintronics. [ 9–12 ]  For example, AFM intermetallic alloys have 
been utilized in AFM-based tunneling junctions; [ 10,13 ]  and epi-
taxial AFM intermetallic fi lms grown on oxides were recently 
explored to be a new type of AFM memory resistor based on 
anisotropic magnetoresistance which exhibited superior stray 
fi eld insensitivity. [ 14 ]  

 As an AFM material, amorphous and polycrystalline MnPt 
fi lms were mainly fabricated at low temperatures on metal layers 

  Electrical control of magnetism in multiferroic materials and 
heterostructures is promising for low-energy spintronic and 
information storage devices. [ 1 ]  Recently, multiferroic hetero-
structures consisting of epitaxial intermetallic alloys with 
multi ple magnetic phases and functional ferroelectric oxides 
have shown giant magnetoelectric (ME) coupling and accord-
ingly large potential for information storage devices. [ 2,3 ]  
Specifi cally, electrical switching between ferromagnetic (FM) 
and antiferromagnetic (AFM) order was achieved [ 2 ]  by com-
bining intermetallic alloy FeRh with ferroelectric BaTiO 3 . The 
ME coupling coeffi cient reached 1.6 × 10 −5  s m −1 , one or two 
orders of magnitude higher than previous reports [ 4,5 ]  in multi-
ferroic heterostructures. In our previous work, a large revers-
ible electroresistance of 8% was obtained for metallic FeRh in 
epitaxial FeRh/PMN-PT (0.72PbMg 1/3 Nb 2/3 O 3 –0.28PbTiO 3 ) 
hetero structures, via strain-mediated ME coupling and the 
resulting magnetic phase switching. [ 3 ]  

 Mn 50 Pt 50  is a traditional AFM intermetallic alloy with a very high 
Néel temperature  T  N  ≈973 K. [ 6 ]  It has a CuAu-I ( L 1 0 ) type tetragonal 
crystal structure with lattice parameters  a  = 2.827 Å,  c  = 3.669 Å, 
and, accordingly, the tetragonality  c /√2 a  = 0.918. The tetragonal 
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for exchange bias in spin valve devices and other studies, [ 15–19 ]  
where the exchange coupling between AFM MnPt and a ferro-
magnetic layer is closely related to chemical ordering of MnPt. 
Epitaxial growth of intermetallic alloys on oxides is, however, 
much more challenging. The reasons are 1) epitaxy of interme-
tallic alloys typically needs high thermal energy during growth 
so that atoms are suffi ciently energetic to move into ordered 
lattice points, thus experimentally demanding a high growth 
temperature; 2) most intermetallic alloys are rather chemically 
reactive at high temperatures and hence chemical interactions 
can often occur at interfaces between alloy fi lms and oxides 
including oxidation and re-alloying; 3) the interfacial wetting 
issue of metal fi lms on oxides due to the large difference in sur-
face energy can prevent epitaxial growth of intermetallic fi lms; 
4) unlike the epitaxy of oxide fi lms on oxide substrates that are 
capable of accommodating large epitaxial strain, metal fi lms are 
much more diffi cult to be strained as a result of their signifi -
cantly distinct mechanical properties compared with oxides, [ 20 ]  
and therefore even a small lattice mismatch between substrates 
and metal fi lms may disrupt epitaxy, leading to textured or poly-
crystalline growth. 

 Therefore, one needs to start with oxide substrates not only 
with in-plane lattice parameters close to those of MnPt but 
also chemically inert to metal alloys at high temperatures. For 
example, SrTiO 3  and BaTiO 3  may not be ideal for sharp inter-
faces in this case although their lattice parameters ( a  = 3.905 Å 
for SrTiO 3  and  a  = 4.000 Å for BaTiO 3  above 120 °C) are rela-
tively close to √2 a  = 4.002 Å (considering 45° in-plane rotation 
relative to oxide substrates) of MnPt. Due to the large oxygen 
diffusivity in titanates, their surfaces can be remarkably reduced 
in vacuum at high temperatures [ 21,22 ]  or even by room-tem-
perature deposition of chemically reactive elements on top, [ 23 ]  
which would induce heavy interfacial oxidation in metal alloys. 
Here, we report successful epitaxial growth of MnPt fi lms 
on spinel MgAl 2 O 4  (MAO) substrates and their electrical and 
magnetic properties. The interface between MnPt and MAO 
is remarkably sharp for a metal/oxide interface. Moreover, as-
grown fi lms are found to be ferromagnetic by superconducting 

quantum interference device (SQUID) and polarized neutron 
refl ectometry (PNR) measurements. A subsequent high-tem-
perature anneal is shown to allow for recovery of a bulk-like 
AFM behavior while maintain excellent epitaxy to substrate. 

 MAO is stable at room temperature and high temperatures 
with a melting point of 2135 °C. It is robust to many acids 
and alkalis. It has a cubic spinel structure with  a  = 8.083 Å, [ 24 ]  
half of which is close to the in-plane lattice parameter of 
MnPt. Accordingly, MnPt fi lms were deposited from a nom-
inal Mn 50 Pt 50  target on the (001)-oriented MAO substrates at 
600 °C in a radio frequency sputtering system equipped with 
refl ection high-energy electron diffraction (RHEED) and a laser 
heater. The base pressure was 2 × 10 −7  Torr. The ramping rate 
was kept at 10 °C min –1  during both heating and cooling. The 
composition of thin fi lms depends on sputtering power and Ar 
gas pressure owing to different yields of Mn and Pt elements, 
which was measured by Rutherford backscattering spectrom-
etry (RBS) in University of California, Berkeley and scanning 
electron microscopy with energy-dispersive X-ray spectroscopy 
(SEM-EDS) in our institute. The sputtering power and Ar pres-
sure were optimized to be 60 W and 5 mTorr, respectively, 
giving rise to Mn 46 Pt 54  (±2 at%) fi lms. In addition, the deposi-
tion rate was determined to be 0.33 Å s –1  by X-ray refl ectivity 
(XRR) measurements. 

  Figure    1  a,b shows the RHEED patterns of a (001)-oriented 
MAO substrate at 600 °C and 5 mTorr Ar pressure before depo-
sition along in-plane [100] and [110] directions, respectively, 
which reveal high surface crystallinity of the MAO substrate. 
The initial growth of MnPt on MAO was observed to be in 
the 3D island growth mode, corresponding to a square-lattice 
diffraction pattern. After the initial 4 nm growth, the RHEED 
pattern becomes streaky. Beyond a 20 nm thickness, pattern 
intensity begins to decrease, which signals the onset of sur-
face degradation. The RHEED patterns of a 20 nm thick MnPt 
fi lm are shown in Figure  1 c,d. Regarding the growth of a metal 
fi lm on an oxide substrate, layer-by-layer growth leading to a 
fi lm surface with the same smoothness as the substrate typically 
does not occur while oriented and coalesced island formation, 
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 Figure 1.    RHEED patterns and atomic force microscopy images. RHEED patterns of an MAO substrate at 600 °C along the a) [100] and 
b) [110] directions. RHEED patterns of a 20 nm thick MnPt fi lm grown on MAO at 600 °C and 5 mTorr Ar pressure along the c) [100] and d) [110] 
directions. Note: the dark feature within the RHEED pattern was due to the undesired metal coating on the RHEED screen. e–h) AFM images of MnPt 
fi lms deposited at 600 °C and different Ar pressures.
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such as in the atomic force microscopy images of 20 nm thick 
MnPt fi lms deposited at 600 °C under different Ar pressures 
(Figure  1 e–h), always occurs. An MnPt fi lm deposited at 5 mTorr 
Ar pressure exhibits a minimal root mean square surface rough-
ness of 0.33 nm and thus the pressure is fi xed at 5 mTorr.  

  Figure    2  a shows the XRR spectroscopy of an as-grown 20 nm 
MnPt/MAO heterostructure. Uniform thickness oscillations 
with a small damping effect can be clearly seen up to a high 
2 θ  angle. This indicates a smooth and uniform fi lm surface, 
which is consistent with the postgrowth RHEED patterns as 
shown in Figure  1 . The out-of-plane  θ –2 θ  X-ray diffraction 
(XRD) scan in Figure  2 b reveals that the MnPt fi lm is highly 
(001) oriented. The average out-of-plane lattice parameter was 
calculated to be  c  = 3.740 Å. The  θ –2 θ  scan of the MnPt (101) 
peak further yielded the in-plane lattice parameter  a  = 2.824 Å. 
The tetragonality of the fi lm is thus  c /√2 a  = 0.937, which is 
quite close to that of bulk Mn 45 Pt 55  alloy. [ 6 ]  As seen in Figure  2 c, 
360° phi scans around the MAO (202) peak and the MnPt 
(101) peak both exhibit fourfold symmetry with 90° periodicity, 
pertaining to a square in-plane lattice. An in-plane rotation of 
45° of the MnPt fi lm relative to the MAO substrate is obvious 
from the 45° difference between two phi scans, which confi rms 
epitaxy between fi lms and substrates.  

 High-resolution cross-sectional transmission electron 
microscopy (TEM) analysis was performed in the scanning TEM 
(STEM) mode to further explore the structural and chemical 
properties of MnPt/MAO heterostructures.  Figure    3  a shows a 
cross-sectional TEM image of an as-grown MnPt/MAO hetero-
structure, where the MnPt lattice is epitaxial to MAO. Due to 

the  Z -contrast function in the STEM mode and the large ele-
ment mass contrast between MnPt and MAO, the underlying 
MAO substrate is heavily darkened in the image. As shown in 
a zoom-in image of an interface region in Figure  3 b, the inter-
facial layer is only ≈0.5 nm thick. The sharp interface benefi ts 
from the excellent chemical stability of MAO substrates at 
high temperatures. In addition, STEM-EDS analysis using the 
 K -series X-ray peaks of Mn and Pt elements yields an atomic 
ratio of Mn 45.2 Pt 54.8  for the MnPt layer, which is in good agree-
ment with the RBS and SEM-EDS measurements.  

 Magnetic properties of the MnPt/MAO fi lms were examined 
by a Quantum Design SQUID. Surprisingly, all the as-depos-
ited fi lms exhibit large (relative to its AFM nature in bulk) 
room-temperature in-plane magnetization of ≈90 emu cc –1  
and clear  M–H  hysteresis loops in the SQUID measurements 
( Figure    4  a). Temperature-dependent magnetization measure-
ments reveal a  T c   of ≈400 K (Figure S1a, Supporting Informa-
tion). As SQUID measurements collect complex signals from 
both thin fi lms and substrates, we further performed PNR 
measurements on the time-of-fl ight magnetism refl ectometer 
at the Spallation Neutron Source in Oak Ridge National Labo-
ratory. [ 25 ]  From the PNR experiments, spin asymmetry, SA, is 
obtained, which is defi ned as SA = ( R +   –  R −  )/( R +   +  R −  ), where 
 R +   and  R −   are refl ectivity of polarized spin-up and spin-down 
neutron beams, respectively. When SA  =  0, there is no mag-
netic moment in the system. Due to coexistent nuclear and 
magnetic scattering, PNR is capable of collecting structural and 
magnetic information at the same time.  

 A neutron beam with a wavelength band of 2–8 Å and a high 
polarization of 99%–98.5% was used. An external 1 T magnetic 
fi eld was applied in-plane during measurements. PNR measure-
ments reveal a sharp structural interface between the MnPt fi lm 
and the MAO substrate over the whole lateral size of the sample 
(10 × 10 mm 2 ) with an average roughness of ≈0.2 nm. The PNR 
data are shown in Figure  4 b and the according spin asymmetry 
is plotted in Figure S2 (Supporting Information). The fi tted 
magnetization average over the entire fi lm is ≈98 emu cc –1 , 
which is close to the SQUID value. Thus, the PNR measure-
ments give direct conformational evidence that the observed fer-
romagnetism resides in the as-deposited MnPt fi lm. 

 It was found that such ferromagnetism can be completely 
eliminated by postannealing at 800 °C in vacuum for 1 h. After 
annealing, the RHEED patterns of MnPt fi lms remain relatively 
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 Figure 2.    XRD characterization of a 20 nm thick MnPt/MAO fi lm. a) XRR spectrum measured up to 2 θ  = 10°. b)  θ– 2 θ  scan from 20° to 80°. 
c) The 360° phi scans around the MnPt (101) peak and the MAO (202) peak.

 Figure 3.    TEM characterization. a) Cross-sectional TEM image of an 
MnPt/MAO heterostructure. b) Zoom-in image of an interfacial region.

 15214095, 2016, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201502606 by H
uazhong U

niversity O
f Sci &

 T
ech, W

iley O
nline L

ibrary on [02/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



121wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

unchanged, suggesting a negligible effect of annealing on the 
surface condition. The compositions of annealed fi lms were 
examined to be the same within the measurement error. Never-
theless, all the MnPt XRD peaks become stronger and sharper 
( Figure    5  a), indicating the enhancement of chemical ordering and 
crystallinity. As a consequence, the magnetization becomes neg-
ligible in annealed fi lms (Figure  5 b). Although the temperature 
dependence of magnetization of annealed MnPt fi lms is noisy 
owing to a tiny moment of the fi lm, an AFM-like behavior can 
still be seen in Figure S1b (Supporting Information). Since it is 
diffi cult to measure a weak magnetic signal of a thin fi lm grown 
on a bulk substrate by SQUID, element-specifi c X-ray magnetic 

circular dichroism (XMCD) was further per-
formed on an annealed MnPt fi lm at beam-
line 6.3.1 of the advanced light source with a 
grazing incidence angle of 30° and an in-plane 
magnetic fi eld of 1.9 T. The characteristic Mn 
L 3  edge peak was specifi cally investigated, 
as shown in the X-ray absorption spectrum 
(Figure  5 c). However, the XMCD signal is on 
the noise level (Figure  5 d), indicating negli-
gible magnetic moment, which is in accord-
ance with the SQUID measurement results.  

 The electrical resistivity of both as-deposited 
and annealed MnPt fi lms was measured as a 
function of temperature ( ρ–T ) from 300 to 2 K 
by a quantum design physical property meas-
urement system. The measurement was per-
formed in the four-probe linear geometry, and 

electrical contacts were made through wire bonding using Al 
wires. As plotted in Figure  5 e,f, the MnPt resistivity has rather 
weak temperature dependence over the entire temperature range 
for both as-deposited and annealed fi lms. The overall temperature 
coeffi cient of resistivity (TCR) is ≈110 ppm K –1  for an annealed 
fi lm, which offers intriguing potential to serve as a low TCR 
metal alloy for precise electronic applications. [ 26 ]  After annealing, 
the room-temperature resistivity reduces by 17%, which is con-
sistent with the suppression of electron scattering from disorder 
as a result of enhanced crystallinity. The room-temperature resis-
tivity of the annealed fi lm is 136.6 µΩ cm, comparable to the 
bulk MnPt resistivity. [ 27 ]  Intriguingly, a Kondo-like resistance 
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 Figure 4.    Ferromagnetism in as-deposited MnPt fi lms. a)  M–H  loop measured by SQUID up to 
2 T at 300 K. b) Neutron refl ectivity spectra of two polarization states measured at 300 K under 
1 T and the corresponding fi tted curves. Error bars are marked on the data.

 Figure 5.    Annealed MnPt/MAO: structure, magnetism, and resistivity. a)  θ– 2 θ  scan of an annealed 20 nm thick MnPt/MAO fi lm. The  θ– 2 θ  scan of 
an as-deposited fi lm is plotted in gray for reference. b) Magnetization of the annealed MnPt fi lm compared with that before annealing. c) Mn L 3  XAS 
and d) XMCD spectra of the annealed MnPt fi lm measured at 60 K under an in-plane magnetic fi eld of 1.9 T. Temperature-dependent resistivity of 
e) as-deposited and f) annealed MnPt fi lms.
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minimum shows up at ≈18 K, reminiscent of the fact that the 
Kondo effect typically appears in spin systems without macro-
scopic magnetic moment. [ 28 ]  

 These experimental facts suggest that the novel ferromag-
netism in as-deposited MnPt fi lms is related to defects. As the 
magnetic order in the Mn–Pt alloy system is dominated by 
exchange interactions between nearest neighbor Mn atoms, [ 7 ]  
Mn-related defects can affect the magnetic order in the system. 
The defect-induced ferromagnetism in electron systems without 
any magnetic order in their pristine phase is widely observed in 
strongly correlated 3d metal oxides. [ 29–31 ]  Additionally, defect-
enhanced ferromagnetism has been recently manifested in FM 
metal alloys as well. [ 32 ]  Nevertheless, the emergence of ferro-
magnetism in an AFM matrix is rather intriguing. 

 We therefore performed systematic density functional theory 
based fi rst-principle calculations (Figure S3, Supporting Infor-
mation). By considering Figure S3a,b of Supporting Informa-
tion, we conclude that the predicted energy jump range due to 
the spin-fl ipping stabilized by Mn/Pt antisites in the FM state 
is in line with the aforementioned experimental observations: 
the FM state in MnPt fi lms grown at 600 °C and the AFM 
state in MnPt fi lm postannealed at 800 °C. That is because 
upon annealing Mn/Pt antisites are corrected, and thus the 
spin-fl ipping of Mn atoms is removed. The embedded mecha-
nism is that the appearance of FM1 makes the FM state more 
stable compared to the AFM state, while the appearance of FM2 
makes the AFM state more stable. 

 To examine the exchange coupling between an optimized 
AFM MnPt fi lm and a ferromagnetic layer, a 5 nm Co 0.9 Fe 0.1  
(CoFe) fi lm and a 2 nm Pt capping layer were deposited on 
top of MnPt at room temperature, where the MnPt thickness 
 d  MnPt  was systematically varied from 3 to 40 nm, i.e., Pt(2 nm)/
CoFe(5 nm)/MnPt( d  MnPt )/MAO. Magnetic measurements 
performed in a Quantum Design SQUID at 300 K reveal an 
exchange bias effect for  d  MnPt  > 4 nm. The exchange bias fi eld 
 H  eb  rapidly increases with  d  MnPt  between 8 and 20 nm and then 
saturates ( Figure    6  a). As shown in Figure  6 b, the in-plane  M–H  
loop of an exchange system with a 20 nm thick MnPt measured 
from 2000 → –2000 → 2000 Oe entirely shifts to the negative 
side. The coercivity fi eld is ≈150 Oe, which is much larger than 
the coercivity fi eld of a noncoupled CoFe fi lm (≈20 Oe).  H  eb  is 
≈980 Oe, more than twice the largest  H  eb  in the CoFe/MnPt 

system [ 18 ]  and other FM/MnPt systems based 
on polycrystalline MnPt fi lms fabricated at 
low temperatures. [ 17 ]  This demonstrates the 
critical role of chemical ordering of AFM 
MnPt in enhancing exchange coupling. 
Another striking feature in the exchange bias 
effect is that the magnetic switching of CoFe 
magnetization is rather sharp, stating homo-
geneous exchange coupling strength over the 
monolithic MnPt fi lm. The large exchange 
bias at room temperature implies that the 
surface layer of the AFM MnPt fi lm has an 
uncompensated in-plane spin moment, sug-
gesting a possible surface spin rearrange-
ment in single crystalline MnPt fi lms.  

 In summary, we have achieved high-quality 
MnPt fi lms epitaxially grown on MAO, which 

demonstrates the feasibility of epitaxial integration of magnetic 
metal alloys with oxides as long as selected oxides are both 
chemically and structurally compatible with metal alloys. In 
addition, highly chemically ordered and single-crystalline MnPt 
fi lms with the AFM order show superiorly strong exchange cou-
pling with a ferromagnetic layer, which is attractive for spintronic 
device applications. Magnetic properties of MnPt thin fi lms were 
explored to be sensitive to spin-fl ipping of Mn atoms stabilized 
by Mn/Pt antisites. This indeed provides a novel path to realizing 
ferromagnetism in an even rather robust AFM intermetallic 
alloy. Moreover, high-quality epitaxial fi lms grown on insulating 
oxides enable AFM spintronic studies on MnPt as well.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 6.    Exchange bias of AFM MnPt fi lms with FM CoFe. a) Exchange bias fi eld  H  eb  and coer-
civity fi eld  H  c  as a function of MnPt thickness  d  MnPt  in Pt(2 nm)/CoFe(5 nm)/MnPt( d  MnPt )/MAO 
structures. b)  M–H  loop of a Pt(2 nm)/CoFe(5 nm)/MnPt(20 nm)/MAO structure measured 
at 300 K.
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