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Working with an Invisible Order
Macroscopically cancelled magnetic orders reveal themselves to the adjacent neighbours, 
and show how they can help to furnish a new generation of spintronics.

W hat is a likely comment about antiferromag-
nets (AFM) that have no net magnetization 

and that produce almost no response in an external 
magnetic field?  Interesting but useless!  Whereas it 
is true that not every magnetic material possesses a 
net magnetization, only those that can be controlled, 
with a magnetic field for instance, qualify as materi-
als for magnetic applications. As a material without 
intrinsic and field-driven magnetization would be 
invisible to any probe relying on detection through 
(field-dependent) magnetization, AFM seem to have 
little practical application. To explain why AFM are 
unaffected by an external magnetic field, Louis Néel 
pointed out that an AFM has a well defined magnetic 
order similar to that in a ferromagnet (FM), but AFM 
has its magnetic moments point alternately in  oppo-
site directions. As a result, unless an external field is 
exceedingly strong, a magnetization induced by one 
subset of moments in AFM is invariably cancelled by 
that induced in the other subset. 

Knowing how to access the invisible order, two teams 
came to NSRRC with new ideas to explore what AFM 
can further do for magnetic applications.  To meet 
ever-increasing demands for dense magnetic storage, 
perpendicular recording has a clear advantage over 
longitudinal recording.  The problem is that there 
are few suitable materials that can provide a neces-
sary perpendicular magnetization with a reasonable 
susceptibility to free them from the influence of a 
spurious field without precluding easy data writing.  
Bo Yao Wang and his co-workers had an idea to 
respond to this challenge. Placing a Ni/Co bilayer on 
top of an antiferromagnetic Mn film, Wang used the 
magneto-optical Kerr effect (MOKE) to confirm that 

Recognizing that magnetic order exists in AFM, spin-
tronics have used AFM for years as magnetization 
stabilizers.  By positing an antiferromagnetic film in 
direct contact with a ferromagnetic layer, the mag-
netic moments in both layers are exchange-coupled 
at the interface.  Because the AFM generates no 
additional magnetization, the bilayer has the same 
net magnetization as that of a single ferromagnetic 
layer, but, as the magnetic orders in both layers are 
coupled, the magnetization orientation in the FM 
layer becomes more difficult to alter.  The magnetic 
order of an AFM might hence be invisible, but can 
be accessed indirectly through nearby layers that are 
exchange-coupled to it.   

Fig. 1:  Layer structure, MOKE measurement and images of  
element-specific magnetic domains taken from a wedge 
sample. Magnetic images provide a visual identification 
of how the magnetization would be influenced by com-
peting RKKY interactions (dominant when Mn thickness 
< 3.5 ML) and exchange coupling (dominant when 3.5 
ML < Mn thickness < 4.0 ML). [Reproduced from Ref. 1] 

(a)

(c)

(b)

(e)

(d)



A
CTIV

ITY
 REPO

RT  2016

Physics and M
aterials Science

015

the direction of magnetization of a Ni/Co layer can 
be turned from in plane to out of plane with an addi-
tional Mn film.  Next, a wedged Mn film was inserted 
between Ni/Co and Co to act as a source of a vertical 
exchange interaction. The Ni/Co/Mn/Co structure 
thus acquired two competing interactions – a Mn 
mediated RKKY interaction between Ni/Co and Co 
(favouring in-plane magnetization), and exchange 
interaction at the Ni/Co/Mn and Mn/Co interfaces 
(favouring out-of-plane magnetization).  Figure 1 dis-
plays the element-specific magnetic images acquired 
at TLS 05B2.  According to these images, the strength 
of the vertical exchange interaction appears to be 
proportional to the thickness of the Mn layer.  The 
vertical exchange interaction eventually overpowers 
the RKKY interaction to orient the magnetization 
orientation of Ni from in plane (Fig. 1(a)) to out of 
plane (Fig. 1(b)).  At the same time, the magnetiza-
tion in the Co layer remains in plane (Figs. 1(c) and 
1(d)). At an even greater Mn thickness (4 ML and 
above), the comparable strengths between these two 
interactions lead to frustrated magnetic behavior.  In 
short, Wang’s work demonstrated that construction 
of an artificial ferromagnetic structure with a tunable 
magnetization direction and anisotropy strength is 
practicable.   

The second work highlighted here concerns the 
manipulation of ordering strength and the magnetic 

axis in AFM.  In exchange-coupled multilayers, the 
magnetization of each layer is subject to an ordering 
strength or orientation modification by its neighbour-
ing layers. In work conducted by Yizheng Wu’s team 
at TLS 11A1, two antiferromagnetic layers, CoO/NiO, 
were grown on a MgO substrate to demonstrate that 
exchange coupling would have an impact on all lay-
ered magnetic structure, including antiferromagnetic 
ones.  Figure 2(b) shows the influence of compres-
sive and tensile strain on CoO and NiO films grown 
on a MgO(001) surface, so that their magnetization 
becomes oriented into in-plane and out-of-plane, re-
spectively. XMLD spectra in Figs. 2(e) and 2(f) make 
evident that CoO exchange coupled with a NiO film 
(thickness 2 nm) can force the latter to orient its mag-
netic axis from out-of-plane to in-plane. The NiO film 
eventually regains its favoured ordering axis at thick-
ness 12 nm, leaving those coupled to CoO oriented 
with a canting angle (Figs. 2(c) and 2(d)).  Wu’s team 
further reported that the spin-reorientation transition 
in NiO layer took its toll on CoO: its Néel temperature 
was forced to drop roughly 80 K.   

In summary, the work of Wang and Wu has elegantly 
demonstrated that, whereas invisible to most mag-
netic probes, the magnetic order in AFM can still be 
accessed.  The results reported here serve as founda-
tions of future developments in antiferromagnetic 
spintronics. (Reported by Der-Hsin Wei) 

Fig. 2: (a) Experimental geometry. (b)-(d) Cartoons showing the magnetic configuration of a single layer, exchange-coupled bilayers 
as evident from X-ray magnetic linear dichroism (XMLD) spectra displayed in (e)-(f) [Reproduced from Ref. 2]
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TLS 05B2  EPU – PEEM

This report features the work of Bo-Yao Wang and his 
collaborators published in Phys. Rev. B 94, 064402 
(2016), and the work of Yizheng Wu and his collabora-
tors published in Sci. Rep. 6, 22355 (2016).

TLS 05B2  EPU – PEEM  
TLS 11A1  BM – (Dragon) MCD, XAS
•	Chemical and Magnetic Image,  NEXAFS, XMCD, 

XMLD 
•	Materials Science; Chemistry; Surface, Interface and 

Thin Film, Chemistry, Condensed-matter Physics
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Contacts under the Sun
Organic photovoltaics with improved carrier extraction efficiency can be an answer to the 
low-cost solar energy.

I n the course of pursuing renewable energy to pow-
er the world, solar energy is the type that is auto-

matically delivered to us on a daily basis.  The ques-
tions arise how efficiently we can convert the sunlight 
into electricity, and at what cost.  Perovskite-based 
solar cells and organic solar cells were recently iden-
tified as promising candidates to harvest solar energy 
in terms of their efficiency of power conversion (PCE) 
and cost of manufacture. A solar cell is a layered 
device that comprises a pair of metal electrodes and 
p-n junction(s) as shown on the left.  When sunlight is 
absorbed, semiconductors in the p-n junction release 
many bound electrons into excited states to become 
carriers extractable with an external circuit. Because 
the carrier population is now changed, an additional 
voltage becomes concurrently added on top of the 
intrinsic voltage of the p-n junction. The problem is 
that every electron that jumps into conduction band 
would leave a hole behind. Before being extracted, 
an excited electron might consequently recombine 


