Chapter 1

Review of exchange bias

1.1 Introduction

Note: These notes are abridged(!) - | try to just stick to the very essential facts
and physical motivations, | have more details and formulas ad whatnot available.
But probably it is sutcient to understand the physical pictur e in order to move
forward. These notes basically (hopefully) allow you to uncerstand the introduction
of papers written about exchange bias. Also they address the®ect of spin transfer
in the di®erent models, with an eye towards Tsoi's experiment

First is a summary of the di®erent models in table format, justto give a sense
of overall context. A convenient way of categorizing di®erenmodels of exchange bias
is to consider whether or not they rely on a net spin moment at he antiferromagnet
interface (that is, whether they apply to perfectly compensated interfaces or not).
After the table, the rst section goes through the physical picture behind each
model. The second section has a table which contains the e®eat spin torques on
the models, and a description of the physical picture for edt e®ect. Again, | just
sketch the physical pictures here, | don't include speci ¢ dda or formulas. The

point is to get on the same page with these models, and to thinkabout the best



way forward.

1.2 Models
Model Name Direct Spin-Flop | Properties
coupling coupling
(uncom- (fully com-
pensated) | pensated)
Meiklejohn X Orders of magnitude o®. If
and Bean (Di- # pinned moments small, then
rect exchange). ok.
Mauri (AFM | X Realistic values, relies on thick
spring). AFM layer, longitudinal AFM
DW walls.
Malozemo® X Realistic values, relies on sur-
(random “eld). face roughness, laterial AFM
DW walls.
Koon (spin X Relies on easy plane AFM
°op). (bad assumption).
Seuss (Inter- X Complicated, relies on interac-
acting  Grain tion between grains with ran-
Model). dom anisotropy and lateral
AFM DW formation.

Details of each model follow. The models are not mutually exlisive, often
one incorporates several di®erent ingredients in a particalr calculation. Also note,
when | list the properties in each model above, I'm referringto the properties asso-
ciated with its predicted loop shift. That's the main featur e of exchange bias that

| consider here.

1.2.1 Meiklejohn and Bean - Direct exchange

This is the rst and simplest model of exchange bias.[2] The atiferromagnet inter-

face is uncompensated, with a net spin/areaM arm , and a Heisenberg couplingl;
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Figure 1.1: Geometry in direct exchange model: (a) is a low egrgy con guration,
while (b) is a high energy con guration. The di®erence in energ leads to unidirec-
tional anisotropy for the FM, or exchange bias.

to the ferromagnetic spin Mg is assumed:

Edirect = J1(Mapm CNIE) (1.1)

If one assumes that the antiferromagnet does not undergo rarsal with the ferro-
magnet, then there will be a unidirection anisotropy and the shift in the hystersis
curve (or the bias eld) is immediately seen to be :
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However this formula leads to bias elds that are orders of magitude too large, and
so re nements of this simple picture are described in the fobwing sections.

An important recent experimental realization of Stohr et al.[3] makes this
simple model more relevant than previously thought. It was bund that there are in
fact only a very small percentage (4%) of moments at the AFM irterface which are
pinned. The rest of the moments rotate rigidly with the ferromagnet. Only these
pinned moments contribute to the expression above, so thathie predicted bias elds
are reduced by a factor of:04, which leads to realistic values for the exchange bias.

However, the nature of the pinning (its origin and magnitude) is not known.



1.2.2 Mauri - AFM spring
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A

Figure 1.2: An exchange spring.

Mauri realized that the exchange energy cost associated wit reversal of
the ferromagnet can be decreased by accommodating a domainal within the
antiferromagnet. A form of the energy functional which accaints for this is given

as follows:
¥
E=iHCCM;  JoM erh]+ 54[1; M ¢0] (1.3)

Here M is the ferromagnetic orientation, r is the orientation of the net spin of the
antiferromagnet at the interface, & is the direction of the easy axis of the antifer-
romagnet; it is assumed that far away from the interface the atiferromagnet has
relaxed to point along its easy axis.¥is the energy of a domain wall in the antifer-
romagnet. An expression for the switching “eld can be found (lere we assumed the

external “eld points in the “2z-direction):
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If &4 is assumed to make an angl@ with the z-axis, then the above can be written:

3 cosy
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(1.5)

with r = The important point to note is that the presence of the domain

wall decreases the bias eld by a factor outside of the brackest - which for realistic
parameters can reduce the exchange bias eld by one or two orde of magnitude,
making the model predictions consistent with experiments. Typically it is assumed
that the domain wall is present in the antiferromagnet (because of a weaker sti®ness
in the AFM). In the case wherer ! 1  (physically where the direct exchange
J dominates, and is essentially frozen out of the problem), tle above expression
indicates an energy cost associated with ferromagnet reveal of % - in this case,
reversal costs the energy of 1 domain wall. If ! 0, the DW is frozen out and we

recover Eq. (1.2).

1.2.3 Malozemo® - Random eld exchange

The Mauri model gives a good explanation of the order of magnude of the exchange
bias. However, it su®ers from some defects: for one, it is knawthat the exchange
bias is not very sensitive to the thickness of the AFM. So everin very thin AFM,
where a DW wall is impossible and Mauri's model is no longer rievant, we still
have a bias eld that needs explanation. Malozemo® et al. cotidered the e®ect
of interface roughness on a compensated antiferromagnetsfemagnet interface.[5]
It turns out to be energetically favorable to form domains on the antiferromagnet
interface surface, and these domains lead to a reduction dfig with a similar form
as that found by Mauri.

The following "gure demonstrates how a single bump in the intaface can
lead to a unidirectional exchange between the ferromagnetrad antiferromagnet at

a compensated interface:
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Figure 1.3: The presence of a bump at the interface changes ¢hrelative energy
between ferromagnet orientations. The di®erence in energebetween (a) and (b)
corresponds to the exchange bias from a single bump. (Noticthat (b) is the same
as (a) with the FM reversed).

Figure (a) above shows how the spin con guration changes if wadd a single
bump at the interface. To nd the energy associated with this bump, we count
the number of reversed spin pairs the bump induces. Here thei®erence is 4 (1
FM pair replaced by 3 AFM pairs). Fig (b) shows the di®erence wlken the bump is
shifted by 1 lattice site -(also, note con guration (b) corresponds to (a) when the
ferromagnet in (a) is reversed). In this case the di®erence ienergy caused by the
bump is -4 (1 AFM pair replaced with 3 FM pairs - the exact counting of energies
can be tricky, but it's not important for us). Thus a single bu mp in the interface
induces a unidirectional exchange energy o8 z;J - where z; is of the order unity
and depends on the lattice details around the bump, and) is the atomic exchange
energy. The sign of the exchange anisotropy depends on the @nic location of the
bump - so for example the sign in g (a) and (b) are di®erent.

An interface with random spatial roughness will result in spatially random



e®ective exchange energies between the antiferromagnet afeilromagnet. In this
simple model, a collinear arrangement of spins is assumed gbat the exchange
energy per area takes on a value of zjJ=a® at each atomic lattice site on the
interface (a is the interatomic spacing).

The model further assumes that the ferromagnet is uniform. $ each atomic
site on the anti-ferromagnet surface has some random prefezd direction, 8z. If
there is no energy cost associated with formation of domainm the antiferromagnetic
interface, then clearly it is energetically favorable for each lattice site to assume its
preferred position. There is of course an energy cost for doain formation, and so

the game is to nd the energetically optimum domain size.

Figure 1.4: A representation of surface roughness as a randoFM-AFM exchange at
each atomic plaquette (arrows = random direction of exchang eld), with a circular
domain superimposed. A small domain size decreases randomldeexchange energy,
but costs domain wall energy.

The randomness of the problem plays a unique role in that as th domain
size increases, a larger set of random exchange energiesvsraged over, so that the
exchange energy gain goes down. Speci cally, for a domain ofea L ?, the number of
lattice sites is N = L2=a%, and the average unidirectional exchange energy per area
is then j ziJ:a2Io N = j zi=aL. Mazelo® does the calculation to nd the optimum
domain sizelL, nding: L ' 1/J;O A=K . This leads to a unidirectional exchange

energy ofz; P KA, or a bias "eld of

KA (1.6)



which is the same form found is Eqg. (1.2.2) (in ther ' 1 limit). This model can
explain the order of magnitude of Hg for very thin AFM layers. The notion of DW
formation on the surface of the AFM as the source of exchangeias is a feature of

more modern and elaborate theories of exchange bias.

1.2.4 Koon/Butler - Spin-°op coupling

Koon found that at a perfectly compensated interface, the inerface spins of the

antiferromagnet will cant slightly out of the plane: The e®ed of this canting is

Figure 1.5: A perfectly compensated interface will decreas its energy by canting
slightly out of the plane, towards the FM. This results in a small net moment which

couples to the FM, and leads to a spin-°op coupling between the M and the axis
of the AFM.

that there will be a small net moment which is perpindicular to the axis of the
antiferromagnet. This moment will couple to the ferromagné, and leads to spin-

°op coupling like interaction K,(NMg ¢Nfaem ). Adding this term to the energy,

one obtains:
E=iHM | JM em]+ g [M em]2+ Z"ui M ¢0] (1.7)

Koon initially proposed that this coupling can lead to unidi rectional anisotropy,

or exchange bias. The mechanism is Mauri-like, in that it relies on partial longitu-
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dinal domain wall formation in the antiferromagnet.

This result was initially supported by atomistic calculati ons of Koon (done
with an XY-model, or strictly easy plane limitation). Howeve r, Butler et al. did
more complete calculations which allow for out-of-plane spis, and including dipole-
dipole interactions. They nd that a pure spin-°op coupling for Heisenberg spins
term does not give rise to exchange biasThe extra freedom allowed in Butler's cal-
culation allowed the anti-ferromagnet orientation to switch between its degenerate
minima before a domain wall is formed. This spin-°op coupling @n, however, ac-
count for the enhance hysteresis of the ferromagnet, and Blgr used a combination
of spin-°op coupling, and Malozemo® random eld e®ects to nd reastic values
for the exchange bias.[6] Stiles et al. nd that the addition o spin-°op coupling

actually reduces the exchange bias eld in the simple model gen by Eq. (1.7).

1.3 Numerical Models

1.3.1 Interacting grain model

Suess et al. have developed a model dubbed the "interactingrgin model."[7] The
ingredients are as follows: the AFM is divided into a lattice of n £ n grains (n = 10
to 50 in their papers), each one of which has a random easy-axdirection. The
grains are fully compensated, and are exchange coupled to ¢hferromagnet by spin-
°op coupling only. There is in addition inter-grain exchange - which is crucial to
obtaining the exchange bias loop shift. (Without this coupling, we know already
that one can not get the loop shift.) The ferromagnet is treated with classic Landau-
Lifshitz equations, and the antiferromagnet is partitioned into sublattices, each of
which obeys the continuum Landu-Lifshitz dynamics. They mocel "eld cooling (with
Monte Carlo) to initialize the AFM (with the FM held xed). Aft er cooling, some

con guration of domains will appear. Upon reversal of the feromagnet, the domains



are seen to decrease in size, and the energy is increased -stig the essential cause
of exchange bias in this model. Upon further sweeps, the congration of domain
walls begins to reach a steady state, and the bias eld decreas. In this way the
model can capture the training e®ect. The magnitude of the extange bias and
coercivity found in this model show quantitative agreementwith experiment. The
domains appear on the surface of the antiferromagnet, and tba walls are usually

located between grains.

1.3.2 Other numerical models

There are other numerical models out there - but the ones | hag seen are usually
elaborate implementations of the basic physics describedbmve. In these more
elaborate models, of course more elaborate behavior is pdske, and so if one includes
disorder and direct exchange coupling between a FM and AFM stface, then as the
FM is reversed, often domain walls are nucleated and move ahg the AFM surface,

for example. | won't go into any of the details of these numercal results here,

however.
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1.4 Spin torques acting in models of exchange bias

The description of spin torques' e®ect on exchange bias is wtén from the perspec-

tive of trying to understand Tsoi's experimental results. These results are illustrated

schematically below:

Figure 1.6: M vs. H hysteresis for AFM-FM bilayer (exchange bised FM). Exper-
imentally it is found that with the application of current, t he switching eld (and
exchange bias eld) changes linearly as shown, and that the @nge in exchange bias
is appreciable (on the order of 50%)

One aside before getting to these results. It's useful to casider the e®ect of
regular spin transfer torques on the switching eld of ferromagnets. The result is

shown schematically below: Physically, it turns out that the spin torques are able

Figure 1.7: M vs. H hysteresis for FM-FM spin valve. We are inteested in how the
switching eld Hc changes with the application of current and spin torques. Thre
plot of ¢ Hc vs | is given for classic FM-FM spin torque, and shows a "half-linea"
behavior. Herel < 0 tends to makeM, ! 1.
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to assist in the eld driven reversal of a layer (or to make the asolute value of the
switching “eld smaller). However, they are not able to delay the switching process,
or to cause the magnitude of the switching eld to become large This is shown via

energy diagrams below:

Figure 1.8: Energy vsy for bistable FM layer. There are two degenerate minima at
0 eld. Application of a eld can switch you between minima. The presence of spin
torques can take you out of a minima more easily, but can not mie you stay in a
minima longer.

I'll refer to the above type of behavior as "half-linear" - in t hat the change
in switching “eld is linear in current for half of the ( I; ¢ H¢) plane.

This fact is relevant because a simple spin torque acting onhte ferromagnet
from the net anti-ferromagnet spin will lead to the behavior ("half-linear") described
above. Such a mechanism is then unable to capture the purelyiriear behavior (for

both positive and negative current) seen in Tsoi's experimat.

1.4.1 Uncompensated antiferromagnets

In the case where the antiferromagnet interface has a net spj it is found from
“rst principles transport calculations that the torque has a form of sin(p), where
M is the direction between the antiferromagnetic net moment ad the ferromagnet
direction. The torque acts on both the ferromagnet and antiierromagnet moment
in approximately equal magnitude and direction. Such a torque is appropriate to

consider in combination with models of exchange bias with unompensated interfaces
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(such as MB, AFM spring).
The presence of this torque j in the various models has the fdbwing e®ect
on ¢ Hg (note when | refer to "slope" in the table , | mean ¢ Hc=I, or how e®ective

the torque is at changing the exchange bias):

model (sin(u)) i on FM i on AFM i on both

MB slope ok, but half- | no exchange bias | no exchange bias
linear

MB/Stohr  (ran- | slope ok, but half- | fully linear, but | ?

dom pinned | linear too small of slope

moments)

AFM spring slope ok, but half- | threshold, single| ?
linear stepin ¢ H¢

Torques in the MB model work essentially the same way they don normal
ferromagnetic multilayers. When torques act on the FM layer only, we know that
the change in switching "eld is "half-linear". If the torque acts on the AFM layer
moment (in the simplest geometry (collinear spins, etc)), hen the bias eld disap-
pears altogether: Suppose the electron °ow is such that the AW moment tried to
align with the FM, and suppose that | > | ¢, so that full alignment takes place.
Then as you switch the FM with a “eld, the AFM will switch as well . This destroys
the bias e®ect. This will be the case when torques act on both yars, if you assume
that the switching current for AFM is smaller than that of FM ( which it will be
since AFM has no demag eld).

With the MB/Stohr model, I've assumed a random distribution of pinned
moment directions, and further assumed that the e®ect of spirtorques is to change
this distribution: if spin torques try to align the AFM, then the distribution will
tighten to become more aligned with the FM, increasing the bas. Conversely if the
torque tries to anti-align the AFM, the distribution will wid en, reducing the net

moment. This is shown in "gure 1.9. It turns out that an extremely large torque is
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required to shift the equilibrium positions of the pinned moments in order to change
the distribution by an appreciable amount. (We need j > B pinning for a large e®ect.
Usually we are in regimes where j' ®B, or a regime where the torques are 100
times smaller than required for the e®ect here). So when you dthe numbers, it is
found that the shift in exchange bias with current is quite small (as compared to

experiment).

Figure 1.9: (a) shows a range of angles over which the spins tsme a uniform
distribution. This range can be controlled with ®. For example, for ®=0, the range
is over a half circle, for ® = %2, the range is over a full circle. (b) shows the
resulting average component oM, versusalpha. This in turn is proportional to the
exchange bias in the MB/Stohr model. The presence of a spin t@ue can change®.

In the AFM spring case: when the torque acts on the AFM domain vall, very
little happens for | <1 ¢. At some threshold current |c DW dynamics take place,
and at this point there is a single shift in the bias eld. It should be noted that
in this regime, the treatment of boundary conditions of the wall must be handled
more carefully than I've done so far (I assume that the back ed of the wall is "xed
along some easy axis direction). Upon further increase of etent, the dynamics of

the wall can do di®erent things, but the change in exchange bmremains xed.
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1.4.2 Compensated antiferromagnets

In the case where the antiferromagnet interface has no net $p, the torque follows
a sin(2) dependance, whereu is the angle between the interface antiferromagnet
order parameter axis and the ferromagnet. This torque is age approximately
equal in size and direction in the ferromagnet and antiferranagnet. Such a torque

is relevant to the models of Malozemo® and IGM. The e®ect of théorque is given

below:
model i on FM i on AFM i on both
(sin(2W)
Malozemo®| slope ok, but half- | ? ?
linear
.G.M. ? ? ?

| have not studied these systems in depth yet. One reason is #i they
require transverse structure on the AFM interface, making them more dixcult to
study. The IGM model could be studied with Olle's MM code - | think it should
be possible to replace the AFM grains with simple FM grains, ad assume that the

omitted AFM sublattice just follows the included sublattic e perfectly.

1.5 Now what

Where to go from here? I'm not sure... The results shown can betudied more
in depth (basically larger parameter space, careful analyis of stability points etc)

- although qualitatively 1 don't think any results will chan ge (possible exception of
AFM springs). Or we can move on to bigger models, such as IGM. Imagine that

if one adds a torque to the IGM, the results should depend a loton the number
of grains included - if you average over many grains (and thesfore many torque
directions), probably the e®ect is small. As the number of gras decreases, you will

probably see something. What do other people think about thething to do next??
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