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ABSTRACT

Combining nanoscale thin films of magnetic and non-magnetic phases in various hetero-structures has generated a rich variety of new mag-
netic and magneto-transport phenomena and applications. Here, we propose a coupling between ferromagnetic and diamagnetic layers. We
used this diamagnetic coupling to improve the exchange bias field of a diamagnet/ferromagnet/anti-ferromagnet hetero-structure by up to
212%, as evidenced in the experiments presented here. Since diamagnets have very special properties, including temperature independent
negative magnetic susceptibilities, this coupling could be a powerful tool in future synthesis of solid state nanostructures such as exchange
bias systems, spintronic devices, magnetic random access memories, sensors, and multiferroics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008482

The exchange bias effect defined as the field shift in the magnetic
hysteresis loop of a ferromagnetic layer,1–3 is an essential component
of advanced sensors, spintronic devices, existing magnetic data storage,
and future magnetic memories. Depositing an anti-ferromagnetic layer
in intimate contact with a ferromagnetic layer induces the exchange
bias effect, which arises from the quantum mechanical exchange cou-
pling between adjacent spins at the ferromagnetic/anti-ferromagnetic
interface [Fig. 1(a)].

Although the effect is fully understood, much research is cur-
rently dedicated to finding new ways to enhance and manipulate the
exchange bias field.4–7

Here, we show that diamagnetic coupling is a promising
approach to fabricating magnetic hetero-structures and multilayers
that can be used to significantly enhance the exchange bias effect. By
using a diamagnetic underlayer for exchange bias structures, we were
able to demonstrate that the negative magnetic susceptibility of the
diamagnet reduces the effective positive magnetic susceptibility of the
magnetic layer, enhancing significantly the overall exchange bias
effect.

Diamagnetic materials have recently attracted increasing interest
due to their electronic surface-state spin and valley properties8 and the
discovery of the oscillatory magneto-caloric effect in diamagnetic sol-
ids.9 Our work further demonstrates the potential of diamagnetic
materials, by introducing diamagnetic layers in complex magnetic

hetero-structures to achieve manipulation of magnetic properties,
which may lead to future innovative spintronic designs incorporating
diamagnets.

The exchange bias field given by the Meiklejohn–Bean formula10

shows that the strength of the exchange bias field is inversely propor-
tional to the magnetic moment of the ferromagnetic layer per surface
area, usually represented as the product of its magnetization and
thickness

Hex �
J

MFtF
; (1)

where Hex is the exchange bias field, J is the exchange coupling con-
stant between anti-ferromagnetic (AF) and ferromagnetic (F) spins at

FIG. 1. (a) Schematic diagram of the standard exchange bias structure on an ordinary
substrate, v¼ 0; (b) exchange bias structure with a synthetic anti-ferromagnet (SAF);
and (c) identical structure to (a) fabricated onto a diamagnetic substrate, v < 0.
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the interface, and MF and tF are the magnetization and thickness,
respectively, of the ferromagnetic layer. For this reason, very thin fer-
romagnetic layers (tF is typically 4–10nm) of moderate MF values,
such as NiFe permalloy, are frequently utilized to maximize the
exchange bias field. Reducing the thickness tF, or choosing materials of
low MF, are effective ways of boosting the exchange bias field.
However, too thin magnetic layers, or very low MF values are not
desirable as they reduce the functionality and sensitivity of the overall
device. Another way of enhancing the exchange bias field is to mini-
mize MF by replacing the pinned ferromagnetic layer with a pinned
tri-layer structure called synthetic anti-ferromagnet (SAF),11 consisting
of two ferromagnetic layers separated by a non-magnetic spacer [Fig.
1(b)]. Such systems display an interlayer exchange coupling between
the two ferromagnetic layers adjacent to the same non-magnetic
layer.12,13 The coupling is known as Ruderman–Kittel–Kasuya–Yosida
(RKKY) coupling and it leads to an oscillatory interlayer exchange-
coupling constant that oscillates with the distance between the ferro-
magnetic layers.14–16 When the spacer is too thick, typically thicker
than 40nm, the interlayer exchange coupling is suppressed. However,
for a very thin non-magnetic spacer layer, by changing its thickness,
the interlayer exchange coupling interaction can be tuned from ferro-
magnetic (magnetization of the ferromagnetic layers in parallel align-
ment) to anti-ferromagnetic (ferromagnetic layers in an anti-parallel
alignment), also known as synthetic anti-ferromagnet (SAF).

Exchange bias systems with an SAF pinned layer [see Fig. 1(b)]
display an effective magnetic moment that participates in the exchange
bias, meff, which is the vector sum of the magnetic moment vectors
within the SAF structure, written in absolute values as

meff ¼ mF1 �mF2: (2)

Recalling that the magnetization is the magnetic moment per
unit volume, and introducing the relation between magnetization and
applied field, M¼ v�H, relation (2) becomes

veff ¼ vF1 � vF2 �
tF2
tF1
; (3)

where: vF1, vF2 are the magnetic susceptibilities of the magnetic F1 and
F2 layer, respectively, tF1, tF2 are their corresponding thickness, and veff
is the effective magnetic susceptibility of the SAF.

By choosing ferromagnetic SAF layers of identical composition
(vF1 ¼ vF2) and thickness (tF1 ¼ tF2), the effective magnetic suscepti-
bility of the SAF structure is veff � 0, resulting in almost zero effective
magnetization/magnetic moment participating in the exchange bias
effect, so according to (1), Hex is maximized.

Here, we propose a different mechanism that achieves a similar
result without using an SAF structure. In our proposed concept, the
coupling to a diamagnetic material of negative magnetic susceptibility
lowers the effective magnetic moment participating in the exchange
bias effect. To understand this effect, let us assume that an exchange
bias hetero-structure is fabricated as shown in Fig. 1(a), onto a stan-
dard substrate such as Si. Let us denote mF as the magnetic moment of
the ferromagnetic layer. The same structure is then fabricated simulta-
neously onto a diamagnetic underlayer as seen in Fig. 1(c). The most
cost-effective material available with the best diamagnetic susceptibil-
ity is Bismuth (Bi). By growing the exchange bias structure onto dia-
magnetic Bi, the structure could be seen as an exchange bias structure
with an effective magnetic moment given by

meff ¼ mF �mdia: (4)

Relation (4) is written in absolute values for positive applied mag-
netic fields. The same relation is valid for negative applied magnetic
fields, except that for negative magnetic fields, relation (4) is multiplied
by (–1) on both sides. This is very similar to the effective magnetic
moment of the SAF structure, but in this case, the magnetic moment
reduction results from the negative contribution of the diamagnetic
underlayer, instead of the anti-parallel interlayer exchange coupling, as
in the SAF. Introducing the magnetic susceptibility of the magnetic F
layer, vF, the diamagnetic susceptibility of the underlayer, vdia, and
their corresponding thicknesses tF, tdia, the effective magnetic suscepti-
bility of the diamagnetic exchanged biased structure, veff is:

veff ¼ vF � vdia �
tdia
tF
; (5)

where vdia in (5) is the absolute value. Since the two-coupled materials
are magnetically very different, unlike the SAF where the condition
(tF1 ¼ tF2) is sufficient to produce an effective susceptibility of almost
zero value, the cancelation of the effective susceptibility, veff¼ 0 in (5),
imposes a strict relationship between the thickness of the
ferromagnetic-pinned layer and the diamagnetic underlayer

tdia ¼
vF
vdia
� tF : (6)

A typical ferromagnetic material used in exchange bias systems is
NiFe permalloy, of 7 nm thickness and magnetic susceptibility
vF¼ vNiFe¼ 8� 103.17 The best material choice in terms of largest dia-
magnetic susceptibility is Bi, vdia¼ vBi¼�16.6� 10�5.18 Using these
numerical values in (6), we obtain the thickness of the diamagnetic
underlayer required to produce a zero effective magnetic moment/
effective susceptibility, tdia¼ 0.25 m. This thickness is very large, but
most likely overestimated because the ferromagnet permalloy saturates
at a relatively low magnetic field, while the diamagnet increases its
magnetization linearly with the applied field, indefinite, without satu-
ration. For a 7 nm soft ferromagnetic layer, saturating at 30Oe mag-
netic field, we estimate that the required thickness of the Bi
diamagnetic underlayer in order to achieve the total effective magnetic
moment cancelation at 1000Oe, is tdia¼ 7.3� 10�3 m. This thickness
is still rather large, but the same coupling could be induced with much
thinner diamagnetic layers, without achieving total cancelation of the
effective magnetization. In this study, we predict that the coupling of a
nano-scale ferromagnet to a much larger diamagnetic underlayer
would result in a significant reduction of the effective magnetization of
the overall structure, which in turn could be used to tune the exchange
bias effect, or other magnetic properties of the overall hetero-structure.

In order to test our concept of diamagnetic tuning of the exchange
bias field, we fabricated samples using a KJL LabLine 5 magnetron
plasma sputtering system.19 The 5 � 5mm size samples had a vertical
structure: Si/Bi(t)/NiFe (7nm)/IrMn (15nm). Five samples with this
structure have been sputtered under identical conditions. One was a con-
trol sample consisting of a standard Si wafer substrate with tBi¼ 0nm,
and the other four samples were coated onto diamagnetic Bi underlayers
of tBi¼ 100nm, 300nm, 600nm, and 900nm thickness, respectively.

The base pressure was 1.5 � 10�7Torr, the argon process pressure
was kept constant at 3 � 10�3Torr, and the sputtering gun was kept at
60W DC power. These resulted in average sputtering rates of 2 Å/s for
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NiFe and 1.5 Å/s for IrMn. The deposition of Bi required a reduction of
the DC power down to 20W, as Bi has a low melting point. Magnetic
hysteresis loops were measured at room temperature using an in-house
developed Magneto-Optic Kerr Effect (MOKE) system. Figure 2 shows
the magnetic hysteresis loops of each sample, from which we extracted
the exchange bias values. Samples sputtered onto the Si substrate without
the Bi underlayer display an exchange bias field of 54Oe. Samples coated
on Bi, display an increased exchange bias field, as predicted by our pro-
posed coupling concept. The 100nm, 300nm, 600nm, and 900nm Bi
samples have an exchange bias field of 119 Oe, 159 Oe, 166 Oe, and
169Oe, respectively.

These correspond to increases of 120%, 194%, 207%, and 212%
in the exchange bias field due to the diamagnetic coupling, respectively.

The thicker the diamagnet, the larger is the effect observed.
However, it appears that the effect displays saturation and the differ-
ences observed when increasing the Bi thickness from 300nm to
600nm are very small. To emphasize the observed coupling effect, we
show in Fig. 3 the exchange bias field values as a function of the dia-
magnetic Bi thickness. Extended studies of roughness effects in NiFe
thin films20 undertaken in our laboratory, combined with identical
experiments to those reported in this article, but using very thick Bi
substrates with rough surfaces, allowed us to rule out the possibility
that our results could be explained by structural or interfacial rough-
ness effects. Since our initial calculations indicate that a much thicker
Bi underlayer should induce these large reductions in the effective
magnetic moment (i.e., large increases in the exchange bias field), we
conclude that the function of the diamagnetic underlayer in this cou-
pling effect is not just to reduce the effective magnetic moment, but
also to possibly induce a subtler interfacial magnetic coupling, which
requires further investigations.

Although not fully understood, our results indicate that there
could be some kind of interfacial coupling between ferromagnets and

diamagnets at the nano-scale. The observed dependence on the Bi
layer thickness suggests that, if such interfacial coupling exists, the sur-
face state of Bi is strongly influenced by the bulk, possibly leading to a
variation of the coupling strength. We therefore hope that this article
will stimulate further experimental and theoretical work in order to
fully understand the exact origin of this possible coupling term.

We conclude that the diamagnetic coupling is a convenient way
of tuning magnetism. In this study, we demonstrated tuning of the
exchange bias effect via diamagnetic coupling. However, it is expected
that diamagnetic coupling to ferromagnetic layers and the complex
hetero-structure will become a synthesis and control tool not only in
future exchange bias systems, but also spintronic devices,21 magnetic
random access memories,22 sensors, and multiferroic structures.23

Moreover, the fact that diamagnetic materials have a negative suscepti-
bility, combined with the fact that their susceptibility is temperature
independent, makes the diamagnetic coupling a tool for applications
where thermal and caloric effects are of interest, as the coupling is
most likely unaffected by the temperature. This feature is unique
and makes diamagnetic coupling very different from all other coupling
mechanisms, including RKKY,14–16 Dzyaloshinskii–Moriya cou-
pling,24,25 which are all strongly temperature dependent.
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