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Magnetization switching and inverted hysteresis in perpendicular
antiferromagnetic superlattices

M. Charilaou,a) C. Bordel, and F. Hellman
Department of Physics, University of California, Berkeley, California 94720-7300, USA and Materials
Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 30 April 2014; accepted 18 May 2014; published online 29 May 2014)

The magnetization of antiferromagnetic (AFM) superlattices as a function of applied field was

investigated using Monte Carlo simulations. The simulated hysteresis loops of systems with N
magnetic layers with AFM coupling between the layers exhibit distinct steps with magnetization

that decreases with increasing N. Systems with odd N exhibit 3 steps and inverted hysteresis for

N> 3, whereas systems with even N exhibit 4 steps, for N> 2, and their microscopic switching

sequence is non-deterministic and can take two distinct pathways, even though the switching of the

global magnetization is exactly reversible. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4880821]

Magnetic superlattice structures are attractive for the

development of meta-materials with unique properties. In

antiferromagnetic (AFM) multilayer structures,1,2 where fer-

romagnetic (FM) layers are coupled antiferromagnetically

and the strength of the inter-layer interaction is on the order

of the Zeeman energy,3,4 meta-magnetic transitions can be

induced by moderate magnetic fields. In such systems, the

properties can be easily tuned by modifying the inter-layer

interactions.

AFM materials are increasingly important in magnetic

devices.5,6 The absence of a strong intrinsic magnetization

makes them however difficult to study experimentally. Very

large external fields are necessary to induce spin-flop transi-

tions in intrinsic AFM, because the field has to overcome

strong exchange interactions, which in AFM with high order-

ing temperature like CoO and NiO correspond to tens of

Tesla. Artificial AFM systems, however, have been fabri-

cated using FM building blocks (Fe2,7 or Co/Pt multi-

layers8,9). As an example, experimental investigations of

[(Co/Pt)/Co/Ru] multilayers have shown that the hysteresis

loops exhibit distinct steps, due to switching of individual

FM layers.8,9 These meta-magnetic transitions occur at a crit-

ical field Hcr, which depends on the interlayer exchange

interaction and layer thickness.10 Meta-magnetic transitions

in simple systems with homogeneous exchange interactions

are well understood,11,12 but the hysteretic properties of indi-

vidual FM building blocks as a function of field in artificial

AFM, remain unexplored.

One of the most crucial aspects in the applications of

magnetic superlattices is the control and understanding of

the global and the local behavior of the system, i.e., the over-

all magnetization vs. the magnetization of individual FM

layers. In this work, we focus on the switching mechanisms

of artificial AFM superstructures, and show that the magnet-

ization exhibits metamagnetic behavior with a series of sharp

steps, and that in systems with odd number of layers,

inverted hysteresis phenomena occur. Moreover, while the

global hysteretic behavior is fully predictable, the switching

pattern of individual building blocks is non-deterministic

with two different characters. These findings show how we

can create materials with tailored magnetic properties, key to

developing technologies, such as spin-valves, where local

behavior plays a central role.

We have simulated perpendicularly magnetized AFM

superlattices, using the Monte Carlo method with classical

Ising spins. We chose the Ising model, where spins take the

values S¼61 because it is relevant to the strong perpendic-

ular anisotropy Co-Pt-based structures (�107 erg/cm3).

Moreover, perpendicular anisotropy is particularly pro-

nounced in ultrathin films,13–15 which favor a laterally corre-

lated spin structure8,9,16 due to the competition between

anisotropy, dipolar, and exchange interactions,17 resulting in

a single-domain-like state. Therefore, we set the thickness of

the FM layers in our systems at 1 atomic plane and focus on

single-domain systems.

The structure of the system consists of N identical FM

layers, separated by a non-magnetic spacer. Each layer con-

sists of an L� L square lattice with one spin at each lattice

site, where nearest-neighbors interact via a positive exchange

coupling J, and the FM layers are AFM coupled. Inter-layer

interactions are implemented using a mean-field approach,

where each spin in layer n feels the mean magnetic moment

m of layers n� 1 and nþ 1, i.e., mn�1 and mnþ1, via an

inter-layer exchange coupling Jiec. We have also imple-

mented the inter-layer exchange coupling as direct spin-spin

interactions between nearest neighbors in adjacent layers and

have found that the results are identical for the systems we

investigated.

Given the above, the Hamiltonian of the system reads

H ¼
XN

n¼1

� 1

2

X
i 6¼j

JSn;iSn;j � Heff

X
i

Sn;i

 !
; (1)

where Heff is the effective field, consisting of the external

field H, and the inter-layer exchange field Jiec mn�1 þ mnþ1ð Þ.
We express the external field in units of Jiec, and set J¼ 1,

which is responsible for the long-range order in each FM

layer and the Curie temperature TC.a)Email: charilaou@berkeley.edu
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The magnetization as a function of H was calculated

using the Metropolis algorithm, i.e., by performing single-

site updates. 1000�N� L�L Monte Carlo steps were run

to allow the system to come to quasi-equilibrium, and addi-

tional 106 steps were run to obtain averages of the net mag-

netic moment M, as well as the magnetic moment of each

FM layer m. Systems with lateral size L¼ 100, and occa-

sional checks for L¼ 250, were simulated and periodic

boundary conditions were used in the x and y dimensions to

ensure that our results are not biased by finite system size. H
was swept between �3 � H=Jiec � 3 with a step of

dH=Jiec ¼ 60:02, at T � 0:75TC. We chose to simulate at

high T to allow the magnetic moments to fluctuate and avoid

trapping the system in local energy minima.

Fig. 1 shows M as a function of H, where the direction

of the field-sweep is illustrated by different symbols and

arrows (red diamonds for decreasing field and blue circles

for increasing field). For N¼ 2, the system exhibits two

steps, which correspond to a switching from an antiparallel

to a parallel configuration of the two FM layers. When H
exceeds Jiec, the two layers are parallel to each other and to

the field; and when H < Jiec, the two FM layers are antipar-

allel. The steps are hysteretic, with a coercive field of HC,

which depends on J and T; as HC ! 0 the steps would occur

at precisely Jiec. We define Jiec6HC ¼ H6
cr1 and 2Jiec6HC

¼ H6
2cr. Note that in real materials the coercivity is equal to,

or less than, the anisotropy field (2 K/M) of each FM layer

(see Brown’s paradox18).

For N¼ 3, the M(H) loop is drastically changed due to

the one uncompensated layer. At high-field, M is saturated,

and switches to the AFM state with decreasing H at H�cr1,

with remanent magnetic moment M¼MS/3, i.e., correspond-

ing to that of the uncompensated layer (MS¼N mS is the sat-

uration magnetic moment of the entire system, with mS the

saturation moment of a single layer). As the field is further

decreased, the system jumps to M¼�MS/3 at H ¼ �Hþcr1,

and then to M¼�MS at �Hþcr2. When the field-sweep is

reversed, the system undergoes the same transitions, from

�MS/3 to þMS/3, and then to þMS. The minor loops are

centered around 2Jiec and correspond to switching of the cen-

tral FM layer, which interacts with the two outer layers, and

therefore needs twice as much energy to switch.

Note that at finite T the m1,3 of the outer layers is slightly

smaller than that of the central layer because they only inter-

act with one FM layer.19 The simulations show that for

N¼ 3 the outer layers at H¼ 0 have m1,3¼ 0.98 mS, whereas

for the central layer m2¼�0.99 mS. Hence, the net magnetic

moment is also reduced ðM ¼ 2m1;3 þ m2 ¼ 0:97mS

¼ 0:97MS=3Þ. Since this effect is small, however, we will

not consider it for the rest of the discussion.

When N¼ 4, the system exhibits four steps in the M(H)

loop, centered around 6Jiec and 62Jiec. The switching of the

individual FM layers is shown in Fig. 2. At high field, the

system is saturated (M¼MS) and all FM layers are parallel

to each other and to the external field. With decreasing field

H, at H�cr2 either layer 2 or 3 switches to the opposite direc-

tion, bringing the system to M¼MS/2, and then at H ¼ H�cr1

another layer (either 4 or 1, depending on whether 2 or 3

switched previously) switches, so that the system is at M¼ 0.

When the field is decreased further, the oppositely directed

outer layer (either 4 or 1, depending on above sequence) will

turn to the direction of the field at H ¼ �Hþcr1, because it is

more susceptible to the external field, having only one inter-

acting layer, and at Hþcr2 the remaining oppositely directed

inner layer will switch to the field direction, bringing the

system to M¼�MS.

During this process, the even-N system thus follows

either a sequence of (i) 2–4–1–3 or the reverse (ii) 3–1–4–2.

The M(H) of the system does not depend on the sequence of

layer switching, but the m(H) of the individual layers

changes drastically. If for both decreasing and increasing

FIG. 1. Net magnetization of AFM superlattices with N FM layers as a func-

tion of H. Red diamonds correspond to decreasing field, blue circles to

increasing field, also shown by blue and red arrows at each jump in M.
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field the system switches via (i), then the m(H) of the FM

layers is that shown in Figs. 2(a)–2(d), where all loops are

centrosymmetric with different coercivities, and half of them

have negative hysteresis. If, however, the system follows

sequence (i) with decreasing field and then sequence (ii)

with increasing field, then the m(H) of the individual layers

are those shown in Figs. 2(e)–2(h), where each hysteresis has

the same coercivity and is shifted along the field axis, similar

to exchange-biased systems.20,21

The total energy of the hysteresis loops shown in

2(a)–2(d) and 2(e)–2(h) is exactly the same, because loops in

Figs. 2(a) and 2(c) are inverted, and therefore the two modes

are energetically equivalent. In the simulations, both switch-

ing modes were observed with the same probability, due to

the fact that the system has no memory of the specific

sequence followed from M¼MS to �MS, and can therefore

follow either (i) or (ii) on going from �MS to MS.

These two switching processes are the same for any

compensated system with N � 4. A system with N¼ 6 will

follow the sequence (2,4)–6–1–(3,5) or the reverse. A system

with N¼ 8 will follow (2,4,6)–8–1–(3,5,7) or the reverse.

This occurs because the two outer-layers switch at a lower

field than all the rest and will remain parallel to the external

field, while the switching of the inner layers occurs at H�cr2,

where the system reaches M¼ 2MS/N.

This finding may be tested experimentally through

depth-resolved measurements of the magnetization, such as

in magneto-optical Kerr-effect measurements.9,13 Note that

the M(H) for N¼ 4 shown here is nearly identical to the ex-

perimental hysteresis of [(Co/Pt)/Co/Ru] multilayers with 4

FM slabs shown in Refs. 8 and 9. In those experimental

M(H) loops both local switching modes were observed, but

for different samples, which suggests that in real systems,

the equiprobability is broken due to defects, which act as

pinning centers that influence the magnetization reversal

sequence.

The switching sequence can also be affected by an addi-

tional field, for example, by biasing the AFM structure with

an adjacent FM film. When a local field is acting on one layer

of the AFM superlattice, then the second-to-surface layer of

the AFM will be the last to switch. When the external field is

reversed that layer will be the first to switch back to the other

direction. When, however, the local field is reversed, then the

second-to-surface layer will be the last to switch. The switch-

ing sequence therefore becomes deterministic.

The hysteretic features of even-N systems differ strongly

from that of odd-N systems (see Fig. 1), because of the

uncompensated layer. Odd-N systems possess a symmetry

around the central FM layer, which drastically alters the mi-

croscopic switching sequence. A surprising phenomenon

occurs for systems with N � 5, which exhibit inverted steps

centered around 61.5 Jiec (see Fig. 1). In Fig. 3, we show the

hysteresis of each FM layer for N¼ 5, and a graphical

description of the switching sequence in the superlattice.

Starting from the saturated state, M¼MS, all layers are

parallel to each other and to H. As we decrease H, the second--

to-surface layers (2 and 4), switch to the opposite direction

and all layers are antiparallel to their adjacent layers. This state

has one uncompensated layer, which results in a non-zero net

magnetic moment for the entire system (M¼MS/5). Then, as

the field is decreased further to negative values, the two outer

layers switch at H ¼ �Hþcr1 and the new state is M¼�3MS/5.

Then at H ¼ �Hþcr2, the central layer also switches and the

system reaches M ¼ �MS, where all layers are parallel to

each other and to the applied field. Therefore, the switching

sequence on going from MS to�MS is (2,4)–(1,5)–3.

When the field-sweep direction is reversed, the system

follows the same sequence of switching because the central

FM layer provides the symmetry of the system. At the first

step, at H ¼ �H�cr2, layers 2 and 4 switch and the system

reaches the state M¼�MS/5, followed by layers 1 and 5 at

H ¼ Hþcr1 and finally layer 3 at H ¼ Hþcr2.

FIG. 2. m(H) of individual layers n¼ 1–4 for N¼ 4 (left); (a) through (d) is one possible sequence of switching (3–1–4–2 on decreasing field, also 3–1–4–2 on

increasing field); (e) through (h) another (3–1–4–2 on decreasing field, 2–4–1–3 on increasing field). Right shows the net M(H) and illustration of possible

switching process for each layer on going from M¼MS to M¼�MS and back (right). The system can follow two switching sequences: (i) layers 2–4–1–3

(shown in lower figures, increasing field) or (ii) layers 3–1–4–2 (shown in upper figures, decreasing field). When the same sequence occurs with both increas-

ing and decreasing field the hysteresis of the FM layers corresponds to (a)–(d), but when the sequence changes the hysteresis corresponds to (e)–(h). The net

M(H) is the same independent of sequence.
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We can now explain the occurrence of the inverted

M(H) steps in Fig. 1 as the result of the central FM layer,

which acts as a pivot for the entire magnetic structure. The

inverted hysteresis does not exist if the system does not com-

plete the transition from MS to �MS. If the field-sweep is

reversed before the central layer switches direction, then

M(H) only consists of two hysteretic steps, one centered

around �Jiec and the other around 2Jiec (Fig. 3). Moreover,

this inverted hysteresis only occurs if H�cr2 � Hþcr1 � 0, and

therefore Jiec � 2HC. For a real material, and assuming

naively that the coercivity is equal to the anisotropy, the con-

dition for the observation of the inverted hysteresis would be

that JiecM � 4K=M.

Note that in our simulations all of the FM layers were

identical to each other, i.e., they had the same mS. If the

layers would have different mS the main characteristics of

the M(H) loops would still be the same, i.e., number of steps

and critical field, but the value of M after each step would be

different, depending on the contribution of each layer.

Moreover, if the layers had different J, the critical fields

would be different.

In conclusion, we have found that there are two possible

microscopic switching sequences in AFM superlattices with

even N, which are not reflected in the measurement of a hys-

teresis loop of the global magnetization, but which strongly

influence the m(H) of individual layers. The two sequences

are energetically identical and occur arbitrarily when the sys-

tem is unbiased. By creating a bias field, however, one can

choose which switching mechanism to invoke, thus having

absolute control over the global and local magnetization in

the superlattice. In superlattices with odd N, we found

inverted steps which emerge due to the symmetry of the sys-

tem and the reversal process. These findings show how to

design and fabricate superlattice systems with specific pre-

determined hysteretic properties and magnetization values,

which are vital for technological applications, where a strict

control over the magnetization reversal process is required.
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