
Heusler alloys in  
magnetic recording
The HARFIR project is seeking viable alternatives for the use of iridium in spin electronic devices

The goal of the Heusler Alloy Replacement 
for Iridium (HARFIR) project is to seek a 
replacement for IrMn, which is currently 
used in all spin electronic devices such  

as the read-head element in hard disk drives 
(HDD) and will be required in all devices for  
spin electronic technology based on the giant 
magnetoresistive (GMR) and tunneling 
magnetoresistive (TMR) effects. This material will 
also be required in all magnetic sensors based on 
these effects. The reason that IrMn is at present 
the alloy of choice is that it has a very high thermal 
stability of antiferromagnetic orientation and can 
be deposited in thin form easily, without the need 
for phase transformation. Due to iridium being one 
of the most stable materials in the universe, the 
alloy has a high corrosion resistance even in thin 
film form at thicknesses below 10nm.

Because iridium is so stable and has a melting 
point above 3,000°C, it is one of the main 
constituents of asteroids, but its occurrence on 
Earth is very rare. In fact, it is far less common 
than many of the so-called rare earth metals. 
Iridium is produced at a rate of ~5.8 tons per year, 
87% of which is supplied from South Africa.1 
Iridium is a platinum-group metal and is obtained 
as a side product from platinum and palladium 
ores, typically at a concentration of 1~2%.2  
Iridium is also produced as a by-product of the  
electro-refining process of nickel and copper. It is 
estimated to exist at 4×10-4ppm in the earth crust, 
which is much less than the other critical metals, 
such as neodymium at 33ppm, lithium at 17ppm, 
dysprosium at 6.2ppm, platinum at 3.7×10-3ppm, 
gold at 3.1×10-3ppm, ruthenium at 1×10-3ppm and 
palladium at 6.3×10-4ppm. In fact, iridium is the 
least abundant element on Earth.3

Historically, iridium had no commercial use in 
electronics until the advent of GMR and TMR. 
Nowadays it is the only material used in the read-
head sensor of all HDDs. In consequence and 
because of the expansion of the HDD market, the 

Figure 1: Charting iridium price 
(US$/oz) over the past 20 years1
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demand for iridium was ~9.5 tons in 2011 (see 
Figure 2), a quadrupled increase from 2009. In 
addition, and to some extent due to speculation, 
the price of iridium has risen by a factor of four in 
the past five years and by more than a factor of  
10 in the past decade, reaching ~US$1,100/oz in 
2012, as shown in Figure 1. When iridium comes 
into use in spin electronic devices, the price is 
expected to soar by as much as a factor of  
100 and there will almost certainly be issues  
of availability of this material in the future. This 
reliance of a key future technology on such  
a rare metal is replete with risk.

In the past decade the critical importance of 
iridium, particularly in the HDD industry, has led  
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Figure 2: Charting global iridium 
demand by key applications1

to an almost complete survey of the binary alloys  
that might form a replacement. One possibility is 
to use the alloy PtMn, but this material requires  
an extraordinarily high temperature anneal 
approaching 1,000°C to convert it from the 
paramagnetic fcc phase to the antiferromagnetic 
(AF) fct phase in bulk form. And such a 
transformation is not straightforward in thin film 
form either. Hence the emphasis must now turn to 
ternary alloys in the search for antiferromagnetic or 
compensated ferrimagnetic (CF) materials that will 
have the required thermal stability. Principle 
among the ternary alloys that have the potential  
to be antiferromagnetic are Heusler alloys (HA). 
HARFIR is undertaking a wide-ranging 
investigation of such alloys to determine their 
potential to replace IrMn by rational design.

Exchange bias
A read head in an HDD is based on a TMR (a  
previously GMR) junction, consisting of an AF/F/
non-magnet/F multilayer as shown in Figure 3(a) 
on the next page. Here, an exchange interaction is 
induced at the AF/F interface, resulting in strong 
pinning of the F magnetization. Another F 
magnetization without a neighboring AF layer is 
free to be reversed by an external magnetic field 
from the recording medium, creating two well-
defined configurations of parallel and anti-parallel 
magnetizations. By inducing such exchange bias, 
the magnetization curve is shifted along the 
magnetic field as shown in Figure 3(b). This shift  
is characterized by an exchange field (Hex) and 
maintains the remanent magnetization at zero  
field, which, in an ideal case, is the same value as 
the saturation magnetization.

The latest advances in exchange bias lie in the 
field of sputtered polycrystalline films with small 
grains ranging in size from 4nm to 12nm. For 
almost all current applications, the state-of-the-art 
relies on IrMn, which is grown on a seed layer, 
often Ru, providing that the (111) crystal plane lies 
in the plane of the film. The Mn atoms lie on this 

plane and are ordered parallel within the plane, but 
the spacing provided by Ir means that the (111) 
planes are separated such that they order anti-
parallel, forming a classic sheet antiferromagnet. 
Due to issues of corrosion resistance and the high 
anisotropy present in this alloy, almost all current 
spin electronic devices, principally the read head 
in HDDs, use this alloy. 

The only other material in commercial use is 
PtMn. This material grows in an fcc phase and 
requires a phase transformation into the fct 
structure to form the antiferromagnetic phase.  
This phase transformation requires relatively high 
temperatures of about 600°C in sheet form and  
is impractical in many devices because of the 
resulting damage to other layers in the stack. In 
HDDs, the seed layers used also form the shields 
that prevent crosstalk from neighboring bits and 
are generally composed of ferromagnetic alloys 
such as NiFeCr. Important developments in the 
early part of this century resulted in a world record 
for exchange bias at room temperature using a 
2nm CoFe alloy as the F layer of 3.6kOe.4 
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The films used are grown by magnetron 
sputtering or ion beam deposition (IBD). The 
behavior of such films was defined for the first time 
by the University of York and was summarized in a 
seminal review article.5 York is at the forefront of 
understanding the mechanisms of exchange bias 
in polycrystalline films – the world record value for 
Hex was reported by York in 2008.4

Antiferromagnetic Heusler alloys
HARFIR aims to replace iridium with one of the 
many HAs that are known to form AF phases 
where the crystal structure, and particularly the 
lattice spacings, are closely controlled.6, 7 The HAs 
consist of either an XYZ or an X2YZ structure, 
where X and Y are usually the common transition 
metals (Fe, Co or Mn) and Z is either a semiconductor 
or a non-magnetic metal such as Si or Al (see 
Figure 4). The AF phases often result when the 
transition metals Ti, V, Cr are used as the Y 
element. All these elements are plentiful and 
relatively inexpensive compared with iridium.

HAs benefit from a major advantage because 
their lattice constants can be controlled by 
substituting other atoms. Figure 5 shows the lattice 
constant of a range of HAs of both the XYZ and 
X2YZ forms. The other advantage of HAs is that the 
spin moment can be tuned by engineering the total 
number of valence electrons in the unit itself. This 
enables the design of new antiferromagnetic HAs 
to satisfy the requirement that the overall spin 
moment be zero by cancellation within the planes. 
The total number of valence electrons and the 
resulting spin moments are shown in Figure 6  
(on page 86).

A search reveals no evidence of AF HAs being 
patented and no reference to exchange bias 
resulting in the alloys, other than one publication 
from this year.8 Even in this case, the exchange 
bias did not develop until well below room 
temperature. This is an open field, never previously 
explored, but where the potential to develop AF 
behavior and the resulting exchange bias has been 
demonstrated.8 Thus, until research is initiated – 
particularly theoretical calculations and modeling 
studies – it is not possible to predict the values of 
Hex that can be obtained.

A further advantage of HAs is that it should be 
possible to grow them such that the AF axis will lie 
perpendicular to the plane. This is currently one  
of the great quests in magnetic materials because, 

as with HDDs, it has been realized that maximum 
storage density in any device will require 
perpendicular orientation in order to avoid 
crosstalk between bits that occurs when they are 
stored in-plane. It is for this reason that, in 2005, 
HDD recording went through the paradigm shift 
from in-plane to perpendicular orientation. The 
development of perpendicular orientation in an HA 
AF would in itself represent a major advance in  
the field – not only for HDDs, but also for magnetic 
random access memory (MRAM) with a 10nm 
feature size.

This consortium has started preliminary work  
on one of the AF HA candidates that has been 
identified – Fe2VAl. Figure 7 (also on page 86) 
clearly shows that epitaxial and L21-ordered 
growth of Fe2VAl is possible after post-annealing  
at 600°C for one hour. Investigation will also be 
undertaken into other candidates, including 
Ni2MnAl and Cr2MnSb, based on calculations in 
this research project. The most expensive 
materials for these alloys are Fe and V, both of 
which typically cost US$30/kg.9,10 This indicates 
that an alternative AF can reduce the cost by a 
factor of three compared with the existing IrMn 
and PtMn.

Combining resources
The consortium is a tightly knit group of six 
research entities – the Universities of York, 
Bielefeld, Konstanz and Budapest University of 
Technology and Economics from the EU, along 
with Tohoku University and the High Energy 
Accelerator Research Organization (KEK) from 
Japan. All these entities have known each other 
for a number of years and, in many cases, have 
collaborated on previous research projects. This is 
particularly true of the strong relationship between 
Tohoku and York, which underpins HARFIR. The 
strong relationship between the members is 
evinced by the program of inter-institutional 
workshops that have been held for the past 
decade in Sendai and York. For ease of 
administration, the overall project management is 

Figure 3: Schematic diagrams of 
(a) GMR (or TMR) read head used 
in an HDD; and (b) exchange bias 
induced at an AF/F interface  
as appeared in a shift (Hex) in  
a full magnetization curve

Figure 4: Crystalline structures of 
both (a) half- and (b) full-Heusler 
alloys; C1b and L21 structures, 
respectively. In addition, 
atomically disordered structures, 
(c) B2 and (d) A2, are also shown7
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undertaken by Mackintosh Consultants in the UK.
The Japanese team will focus on the deposition 

and characterization of the AF or CF Heusler alloys 
candidates using ultra-high vacuum sputtering 
growth in Tohoku. Since this is the most critical 
process in fabricating alternative AF or CF Heusler 
alloy films, cooperation with the EU team is 
inevitable for material screening in advance using 
their sputtering and calculations. Tohoku has UHV 
sputtering with layer-by-layer growth capability, 
while York and Bielefeld have HV and UHV 
sputtering. These three growth techniques should 
guarantee successful growth of perfectly ordered 
Heusler alloy films. These films will be routinely 
characterized structurally and magnetically. 

Highly sensitive analysis can only be carried  
out in KEK using neutron, x-ray and muon  
beams, York using electron-beam, and Tohoku 
and Bielefeld for temperature-dependent 

measurements of magnetic and transport 
properties. These analyses will be fed back  
to the growth and modeling teams for further 
precise optimization. Modeling will be performed  
in Budapest and Konstanz within a multiscale 
approach linking full-realistic spin density 
functional theory with atomistic spin model 
simulations allowing for quantitative, dynamic 
calculations of hysteresis loops in bilayers of  
a variety of materials.

The optimized AF or CF Heusler alloy films will 
be implemented into GMR and TMR devices to 
demonstrate their performance. 

This device fabrication is only possible with 
high-precision milling/etching systems with end-
point detection in Tohoku, the world-leading 
electron beam in York and chip fabrication 
facilities, including chemical mechanical polishing, 
in Bielefeld. It is therefore crucial for the two teams 
to work very closely to develop an alternative AF 
without iridium, which is an original, challenging 
and urgent task. It would be impossible to run  
a project in Japan or the EU alone. It should be 
noted that the activities of the European team will 
be funded by the EU, with independent funding 
from the Japan Science and Technology Agency 
(JST) for the Japanese groups.

Potential impact
The level of innovation within HARFIR is extremely 
high and there are many areas where the project’s 
proposals can be applied. These range from 
existing technologies such as the read head in 
HDDs, to solid-state storage such as MRAM and 

Figure 5: The lattice constant 
distribution of both (a) half-  
and (b) full-Heusler bulk alloys 
with respect to the element X7
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thermally assisted MRAM (TA-MRAM) – a system 
proposed as a replacement for the common 
silicon-based dynamic random access memory 
(DRAM). The start-up time when switching on a 
computer or similar device would then be reduced 
to zero because the storage of the information 
would be permanent rather than charge based or 
capacitive – where recharging the system is 
required and data has to be reloaded from a 
permanent storage system such as a hard disk. 
The advantages of such a system are clear and 
obvious. The other major advantage of proposed 
MRAM technologies is that they are faster and 
capable of storage at a higher density than, for 
example, flash memory. They are also much less 
complex than flash and have the advantage of 
increased reliability, with no limit to the read-write 
cycles that can be performed. This is thanks to the 
infinite reversibility of a magnetic material’s orientation 
without damage to its structure – something not 
true of the charge-based systems that compose 
flash memory. It is also the case that flash memory 
has to be constantly rewritten. For large-scale storage 
or archiving, this power cost, with consequences 
for CO2 emissions, becomes considerable.

It is worth noting that MRAM has recently 
appeared on the Intel roadmap for implementation 
as embedded memory on a three-to-five year 
timescale. In addition to the storage capabilities  
of MRAM, there is also the distinct potential  
for magnetic logic systems based on similar 
technologies. These are known to have the 
capability to be faster and have higher aerial 
densities than is possible with current silicon 
technologies. The decrease in complexity and the 
increase in reliability mean that magnetic logic 
systems would have major cost advantages over 
current silicon techniques.

In conclusion, it is widely recognized that spin 
electronic technologies will displace semi-
conductor technology within the next decade. 
Therefore the lack of availability of one crucial 
element from within the periodic table is a critical 
issue to be solved urgently. n
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