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We have observed notable changes in the magnetic response of FePt thin films that we have attributed to
a transition in the magnetic domain structure when the film thickness or the temperature is varied.
The critical thickness for this transition depends on the Q-factor, Q =K /2er?, so that a change in the
domain structure is expected when changes in the perpendicular anisotropy, K, or the saturation
magnetization, My, occur. At room temperature these samples have Q ~ 0.3, and a transition between
planar to stripe-like domains occurs for a film thickness d~ 30 nm. Due to the different thermal
expansion of the FePt alloy and the Si substrate a reduction in Q is predicted when the temperature is
lowered. From magnetization vs. field loops measured at different temperatures below T=300 K, we
have effectively observed a change in the coercive field which can be associated to a transition from
stripe-like to in-plane domains. The transition temperature range is broad, indicating a gradual variation
between the two magnetic configurations, but changes systematically with film thickness, consistent
with an interfacial induced stress. A model that includes the temperature dependence of the strain and
the magnetization, predicts correctly the observation of a larger critical thickness at lower temperatures.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

FePt alloys of equiatomic composition form in an equilibrium
thermodynamic phase of tetragonal symmetry (the chemically
ordered fct structure called L1y) which has been extensively
investigated in the last years due to the increasing interest in
ultrahigh coercivity materials in the magnetic recording industry.
This system shows one of the largest known magnetocrystalline
anisotropies [1-5] that can be larger than 7 x 107 erg/cm>. Most
applications of this alloy are in the form of thin films which tend to
grow in a metastable cubic crystalline phase displaying relatively
soft magnetic properties [1,6,7]. The saturation magnetization of
both crystalline phases is almost the same. Due to the potential
technological impact the vast majority of the research was devoted
to the high anisotropy alloy and less attention was paid to the so-
called A; soft magnetic phase.

We have recently reported in a series of works [8-10] in which
we have characterized the structural and magnetic properties of
FePt thin films at room temperature that they tend to grow with a
[111] texture normal to the film plane and with a compressive in-
plane stress. These two effects contribute to the appearance of an
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anisotropy perpendicular to the film plane, in the case of texture
because the [111] is an easy axis for the magnetocrystalline
anisotropy and in the case of stress because the negative deforma-
tion and the positive magnetostriction coefficient also favor a
perpendicular axis of anisotropy.

The competition between the effective perpendicular aniso-
tropy, K | , that tends to align the magnetization in the out of plane
direction, and the shape anisotropy, that in the case of a thin film
favors the in-plane alignment, determines not only the equili-
brium orientation of the magnetization vector, but also the
structure of the magnetic domains. The ratio between the per-
pendicular anisotropy energy and the demagnetizing term defines
the quality factor, Q =K /Zan. Depending on the value of Q and
the film thickness it is possible to find: (i) a magnetic domain
configuration consisting of in-plane planar domains, (ii) a periodic
array of stripes with an out of plane component of the magnetiza-
tion which alternates between the “up” and “down” directions or,
(iii) for Q > 1, a bubble-like structure in which the magnetization
in each region is completely perpendicular to the film surface.
The structure of stripe magnetic domains can only be found in films
in which there is a component of the magnetic anisotropy perpendi-
cular to the film plane (i.e. Q > 0) and was previously reported in a
large number of metallic ferromagnetic materials such as Co [11],
FePd [12,13], CosPt [14], or Permalloy (FeyoNige) [15,16].

For Q <1 the transition from planar to stripe domains occurs
above a critical thickness d- that depends on the material properties
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such as the anisotropy, the saturation magnetization and the
exchange stiffness constant. There are several models for the calcula-
tion of d.- (see for example Refs. [17-19]) that predict larger values of
do in materials with a large magnetization, a large exchange, or a
small anisotropy. Research in materials in which stripe domains are
observed reported values of the critical thickness in the range of
20-30 nm for Co [11], partially ordered FePd [20] or disordered FePt
films [8], and significantly larger values (of the order of 200 nm) in
films with a lower anisotropy, such as Permalloy [16].

Although FePt thin films grow with a [111] texture [8] which
could induce an out of plane anisotropy of magnetocrystalline
origin, we have observed in a set of films with the same crystal-
lographic texture but a different degree of stress [21] that the
magnetic properties change significantly, indicating that the main
contribution to the perpendicular anisotropy is due to magnetoe-
lastic effects.

If changes in the stress of the films can be induced, it would
then be possible to study the dependence of the critical thickness
d.- with the perpendicular anisotropy. The anisotropy, and conse-
quently the Q factor, can be varied for example by changing the
temperature of the films. The different thermal expansion coeffi-
cients of the Si substrate and the FePt film produces an interfacial
induced strain which affects the perpendicular anisotropy and
modifies the Q factor. In this work we report a study of the
variation of the critical thickness for the formation of stripe
domains as a function of temperature in a set of FePt films and
develop a simple model that explains the observed behavior.

2. Experimental details

Details of the samples used in this work can be found in Ref.
[8]. Briefly, FePt films have been fabricated by dc magnetron
sputtering on naturally oxidized Si (100) substrates from an FePt
alloy target with a nominal atomic composition of 50/50. Eight
different films with thicknesses of: 9, 19, 28, 35, 42, 49, 56 and
94 nm were deposited at room temperature. The magnetization
data were measured using either a LakeShore model 7300 VSM or
a Quantum Design SQUID with maximum fields of 1.2 and 5 T and
lower temperature limits of T=80 and 4 K, respectively. Images of
the magnetic domains were obtained at room temperature with a
Veeco Dimension 3100 AFM/MFM with Nanoscope IV electronics.
Magnetic images have been acquired using medium moment,
medium coercivity tips (MESP) from Bruker.

3. Experimental results and discussion
3.1. Magnetic force microscopy and magnetization measurements

The whole set of films was studied by MFM at room tempera-
ture. We have found that films with thicknesses below 28 nm
exhibit a very limited number of magnetic domains even in the
maximum available scan area of 100 x 100 pm? (see Fig. 1). In a
remanent saturated state domain walls for d <28 nm could be
only observed close to the edges of the samples, where closure
domains are generally formed. If the film is in a demagnetized
remanent state it is possible to find “cross tie”-like domain walls in
different regions of the sample, as shown in Fig. 1(a). As can be
observed in Fig. 1(c), measurements of the magnetization as a
function of magnetic field in the plane of the film show a large
squareness and remanence, which is a strong indication that the
magnetization in these samples stays essentially in the film plane,
and also makes more difficult the observation of domain walls.
The coercive field is relatively small, with values below 20 Oe for
d <19 nm and H. ~ 40 Oe for d=28 nm.

Films with a thickness d > 35 nm present a completely different
magnetic behavior. In these samples the MFM measurements at
remanence show a periodic structure in the form of stripes (top right
panel of Fig. 1), which generally occurs when the magnetization vector
presents an oscillating component perpendicular to the film plane.
The corresponding hysteresis loop [Fig. 1(d)] has a linear part at low
fields, as expected for this kind of magnetic domain structure. This
linear variation of M between H=0 and the in-plane saturation field
Hg) is related to the alignment of the out of plane component of M
with the external field. The value of Hs; depends on K , , Mg and d [8].
In films thicker than d. the remanent magnetization tends to decrease
[8] when the film thickness increases suggesting that the out of plane
component of M becomes larger. The coercive field in the thicker
samples is always much larger (H.>120 Oe) than the values found for
d<ds (He<400e), due to the changes occurring in the domain
structure. We would like to stress that the correlation between MFM
images and H. shown in Fig. 1 was found in the whole set of samples

As our MFM can only operate at room temperature, we have
used the fact that there is a close correlation between the
magnetic domain structure and the hysteresis loops. The more
sensitive experimental parameter to distinguish between both
types of domains is the coercive field and has then been used in
this study as a signature for the presence or absence of stripes in
the samples.

In Fig. 2 we show M vs. H loops for the samples of 42 and 94 nm
at three different temperatures between 80 K and 300 K. It can be
observed that in the case of the thicker sample the hysteresis loop
does not change significantly in this temperature range. In fact the
loops remain almost the same, except for a gradual increase of the
coercive field and a reduction of the in-plane saturation field.
These observations suggest that for this film the stripe structure is
preserved down to 4K, the lowest analyzed temperature. In the
case of the 42 nm sample the behavior is considerably different.
When lowering the temperature from 300 K the coercive field first
increases and at around 240 K it starts to decrease, giving quite
similar loops for T=200 K and 300 K. However, at lower tempera-
tures the linear part of the loop almost disappeared and H. was
reduced to approximately one half of the high temperature value.

In order to get a deeper understanding of this complex
magnetic behavior, we measured the coercive field as a function
of temperature for the whole set of samples. Results, presented
in Fig. 3, show for some thicknesses the expected increase in
H. when the temperature is lowered, but for samples with
35nm <d <56 nm an unusual behavior can be observed. These
films have a maximum in the coercivity for a certain temperature
and then a notorious decrease is found when the samples are
cooled to lower temperatures. At very low temperatures H. tends
to increase again. There are a few works describing the tempera-
ture dependence of the coercivity in FePt alloys, but they only
discuss the behavior of the ordered L1, phase. Both in the cases of
nanoparticles [22] or thin films [23] it was found that H. decreases
continuously for higher temperatures, as usually happens in
ferromagnetic materials. There is a report [24] in highly textured
thin films of an anomalous decrease in H. below room tempera-
ture, which was ascribed to the exchange interaction between
crystals oriented with their easy axis parallel or perpendicular to
the film plane. Although the coercivity in films generally depends
on extrinsic factors, such as the number or density of pinning sites
for domain wall pinning, when studying the temperature depen-
dence of coercivity in ferromagnets two limiting cases are often
encountered: particle-like and continuous film-like behaviors. The
former case applies to magnetically isolated small particles in
which the energy to overcome the barrier for magnetic reversal
is provided thermally. A temperature dependence of the form
H¢ = Heo[1—(T/Tg)'/?], with Hy the coercivity at T=0K and Ty the
blocking temperature, is predicted for particles of identical size [25].
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Fig. 1. MFM images of two films with a thickness of 19 nm (a) and 94 nm (b). The x-scale is indicated in the figure and is similar to the y-scale. The color coded vertical bar
represents the phase shift of the cantilever resonance. The domain wall in the thinner film with the cross tie structure was observed after demagnetizing the sample in a
rotating and decreasing field. In the other case the domain structure corresponds to the remanent state obtained after saturating the sample with a magnetic field of 1 kOe
applied outside the microscope. The corresponding in-plane hysteresis loops in the bottom panel (¢ and d) show the change in the magnetic behavior of the films according
to their thickness. Note the different field scale and the larger remanence in the thinner film. (For interpretation of the references to color in this figure caption, the reader is

referred to the web version of this article.)

The other case applies to continuous films where the ferromagnetic
domain walls are pinned by a random array of inhomogeneities [26].
Depending on the unpinning process “strong” or “weak” pinning
situations can be found that differ also in the activation energy
required to unpin a domain wall. For strong pinning the coercivity
decreases (due to thermal activation effects) as T increases following
the law H. =Ho[1—(T/Ts)*?]?. For weak pinning the relationship
between coercivity and temperature is linear, H. = Ho[1—(T/Tw)], Ts
and Ty stand for the characteristic temperatures where the pinning
effect vanishes. As expected for thermally activated models, the
reversal of the magnetization is assisted by the thermal energy and
hence a decrease in H. is always predicted when T increases. This
behavior is found in most magnetic materials (see for example Refs.
[27-29]) and the cases in which a decrease in H. at lower tempera-
tures is found are usually a consequence of factors such as phase
transformations [30], exchange coupling in systems of two (or more)
phases [31], or competing magnetic anisotropies [24].

As we have already mentioned, in our films we have two
competing anisotropies that above a certain thickness favor the
formation of a stripe structure with a relatively large coercivity.
Results shown in Fig. 3, in which H. has a maximum value at a given
temperature, and decreases for lower values of T, suggest that
samples in the range 35 nm <d <56 nm present stripes above a
certain temperature, Tsp, and planar domains below it. Because of the

relatively broad temperature range of the transition, the definition of
this “stripe to planar” characteristic temperature is somewhat
arbitrary, but we have used as a convention to assume that stripe
domains cease to exist when the coercive field starts to decrease.
Other conventions could have been used (for example the middle
point between the maximum and the minimum of H,) but they are
harder to define in some of the curves. In any case it should be kept
in mind that this value of Ty, is an upper limit for the transition in the
domain structure. The values of Ty, for the different samples have
been indicated with arrows in Fig. 3 and have been plotted in Fig. 4
with solid symbols. Although no decrease in H, was observed for the
sample with d =94 nm, we have plotted a point with an open symbol
at T=0K to indicate that for this thickness planar domains are
predicted to exist only at negative temperatures.

3.2. Model for the estimation of the critical thickness as a function
of temperature

The curve that gives the critical thickness for the transition
from planar to stripe domains as a function of the Q-factor
has been deduced in Refs. [18-20]. The simplified model of
Refs. [19,20] is essentially one dimensional. It assumes that the
magnetization vector can point only in a plane perpendicular to
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Fig. 2. Magnetic hysteresis loops at different temperatures for d=42 nm (left) and d=94 nm (right). For the thinner film the coercive field starts to decrease below T ~ 240 K,
while for d=94 nm it increases monotonically when T is lowered. The field where saturation in the magnetization is observed decreases at lower temperatures in this

sample.
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Fig. 3. Temperature variation of the coercive field for the complete set of samples.
The vertical arrows indicate the temperature where H, starts to decrease. Note that

for the films with d <28 nm or d > 94 nm the coercivity always increases when the
temperature is lowered.

the film surface that contains also the direction of alignment of
the stripes, with a gradually alternating out of plane component.
The magnetization angle changes periodically in this plane with a
period that increases with the film thickness. A very convenient
closed form to describe the Q dependence of the critical thickness
can be obtained from the following pair of parametric equations
[19,20]:

Kk, 1
© 2zM? 2z

3/2
—ﬁ;’ [X—(z + )~ 12, (1)

[Bx—(n +3x)e"/ X}

dcr = dl

In the above expression the exchange length is defined as

dl:%\/A/(Zan), with A the exchange stiffness constant. As
discussed in the paper of Murayama [18] the one dimensional
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Fig. 4. Phase diagram of the critical thickness as a function of the temperature that
separates the regions of planar and stripe domains. We show the predictions for
the “linear” model in which the only temperature dependence is in the thermal
expansion, and the full model in which changes in all relevant parameters due to
temperature variations have been considered. We also plotted the datum for d=94
nm at T=0 K (with an open circle), even though this film shows a continuous
increase of H, with temperature and the transition to planar domains is not
observed in the region of positive temperatures.

model predicts in general a critical thickness that is larger than the
observed value. To obtain a more reliable value of d., as a function
of Q it is then necessary to consider that the angle of the
magnetization vector can vary within the film thickness and can
also have an in-plane component perpendicular to the direction of
the stripes. In this situation the problem becomes considerably
harder from the mathematical point of view because there are no
simple closed expressions for the critical thickness as a function of
Q. We have plotted in Fig. 5 the numerical results from Fig. 3 of
Ref. [18] and the one dimensional analytical curve from Eq. (1).
It can observed that both models predict almost the same
dependence, at least for Q<0.4. Note, however, that the factor %
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parametric Eqs. (1) (dotted line) and from the paper of Murayama (continuous
line) [18]. The two vertical lines indicate the Q values at room temperature
(Q~0.32) and at T=4K (Q ~0.21). It can be observed that a reduction of Q
produces an increase in the critical thickness for the observation of stripe domains.

in the exchange length was not in the original work of Refs. [19,20]
and was added here in order to match the critical thickness
predicted by the model with that observed in our samples. We
also show in Fig. 5 how a reduction in Q produces a relatively fast
increase in the critical thickness for the observation of stripes.
The temperature dependence of Q may arise from the aniso-
tropy K, or from the magnetization M. We have analyzed both
contributions to see how they influence the critical thickness. We
have considered first the temperature variation of K ; , assuming
that, as already mentioned in the introduction section, the major
contribution is due to the different thermal expansion between
the FePt thin film and the Si substrate. In a simple model in which
a biaxial stress (o) is present in the film plane of a [111] textured
sample, the perpendicular anisotropy may be written [32] as

K. =K, 0—3M110, @

with K | ¢ the induced perpendicular anisotropy at room tempera-
ture due to residual stresses (and possibly a minor magnetocrys-
talline contribution due to the [111] texture in the films) and 111
the magnetostriction constant. The saturation magnetostriction
constant of FePt disordered films was reported by Aboaf et al. [33]
(A=70x107%), and more recently by Spada et al. [34]
(A=34 x 107%). There are also reported values in FePd films by
Shima et al. [35] (A=65 x 107%) and Wunderlich et al. [36]
(A= 250 x 1075, in films prepared at 423 K). Note that in all cases
the reported magnetostriction is positive. For our estimation we
use the average room temperature value of 1111 =4~ 50 x 1076,
and extrapolated a linear behavior to low temperatures. To our
knowledge, the temperature dependence of 1 in disordered FePt
thin films has not been measured and the only available data
correspond to bulk FePd alloys [37]. In this system 42=49 x 1075,
48 x107° and 41 x 10~° for T=4, 77, and 300K, respectively.
Assuming the same temperature variation for 1 in FePt we obtain
2=60 x 107%, and 58.5 x 107 for T=4 and 77 K, respectively.

The temperature dependence of the biaxial stress in the case
of a film-substrate interface may be approximately expressed
[38-40] as

&(T)Epept(T) - (as(To)—ap(To))(T—To)Erept(To)

o) = 1—u(T) 1—u(To) ’

3

with & the strain, E Young's modulus, a5 and oy the coefficients of
thermal expansion of the substrate and the film, respectively and v
Poisson's ratio. This expression is valid in the case of a uniformly
stressed film in which the relaxation at grain boundaries may be
neglected, and gives an upper limit for the strain in the samples.

The linear temperature behavior in the above formula is only valid
in a limited temperature range around Ty (in this case Ty ~ 300 K)
in which the variables «, E and v are assumed to have a negligible
temperature dependence. However, it is well known that both the
thermal expansion « and Young's modulus Egp¢ do vary if the
temperature interval is very large. In order to consider the full
temperature dependence of Eq. (3) we have assumed the same
temperature dependence for « as for the phonon specific heat,
within the Einstein model, and hence the strain is given by

T
o(T) = /T (as(T)—ap(T)) dT

2

\ 2
= / ! ag 0—? o — —aft —agept S S dT
T 2T 951 2T . gFePt
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2T 2T

2T 2T,
HEEPt HFePt)

o osi osi
= a0y (coth ZE _coth £

_ E
5T coth o

—afePtotert (coth (4)
If we use the reported [41]| values of the thermal expansion
coefficients (close to room temperature) for silicon [100] substrates,
as=2.5x 107 K~', and for FePt films, ay = 10.5 x 10 °° K~', we end
up with ol =3.2 x 10°° K" and af™ = 11.05 x 10® K~'. The Ein-
stein temperatures ¢; and 65" may be obtained from the Debye
temperatures of Si (9p = 645 K), Fe (6p =470 K) and Pt (6p = 240 K)
using the relation 6 /6p ~ (z/6)"/3. For FePt there are no reported
values of 9p so we used the simple model that estimates the Debye
temperature of an alloy from 60p of the composing elements and the
relative concentrations [42], 1/(0F™)% = (x/(65)%) + (1—x)/(62)>.
With these approximations it is then possible to estimate
03 =522 K and 05" =235 K.

Young's modulus for FePt at room temperature, Egep; = 180 GPa,
has been recently reported by two different authors [41,43].
However, in those papers it was not mentioned how or where
this value was obtained. Older measurements [44] in ordered
alloys reported Epepr = 150 GPa. Using the vibrating reed technique
we measured a small piece of the FePt target used to fabricate the
thin films and obtained Epep = 165(10) GPa. X-ray diffraction and
magnetization measurements confirmed that the target was in the
ordered L1y phase. In the system FePd it is known that Young's
modulus of disordered alloys is approximately 20% smaller [45]
than in the ordered phase, which would give in our case
Erepr = 130 GPa at room temperature. In the same paper it was
reported that the elastic constants increase by approximately 10%
at 4K (compared to the room temperature value) and our own
measurements show a 6% decrease in Egep; in the range 100-300 K.
To account for the temperature variation of Young's modulus we
used the empirical expression Egepi(T)[GPa] = 142—T[K]/25.

The accepted value [34,41,43] for Poisson's ratio in FePt is
v=0.33, and was assumed here to be independent of temperature.
With Egs. (2)-(4) we can calculate the temperature dependence of
Q by considering the linear approximation for the strain and no
dependence for the other parameters

K1 0—34(as—ay)(T—To)Efept/(1-1)

UD = 27M?

; €

or the full temperature dependence for all the involved variables

K o —34(T)e(T)Erept(T)/(1-v)

T)~
D 22M2(T)

(6)

From all the parameters entering into Eq. (6) the dominant term
(apart form the strain) is the quadratic dependence of M,(T) in the
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denominator. The behavior of M(T) was measured experimentally
in a film of 94 nm, fitted with a power law and incorporated into
Eq. (6) in order to calculate the variation of Q with temperature.
Note that the magnetization enters in the expression of Q(T) and
also in the critical thickness, d.. through the exchange length

d = %\/A(T)/(Zan(T)). In this last case d; may be assumed to be

independent of temperature due to the phenomenological relation-
ship [46] A(T) o« M2(T). The estimated value of the residual perpen-

dicular anisotropy in these samples, K, =1.5(4) x 10° erg/cm3,
has been already reported in Ref. [8].

Once the temperature dependence of Q(T) is estimated, Eq. (1)
can be used to obtain the variation of the critical thickness as a
function of temperature. In Fig. 4 we show the calculated curves
using the “linear” model, in which only the temperature variation
of the thermal expansion was considered (Eq. (3)), and also the
model that takes into account the temperature dependence of the
parameters in Eq. (6) in the whole temperature range. These
curves serve as a boundary to construct a phase diagram that
defines regions of temperatures and thicknesses in which planar
domains are separated from stripe domains by a coexistence line.
As expected, when a reliable temperature dependence is used for
Q(T), the agreement between model and experiments is much
better. Note that according to Eq. (6) and Fig. 5 the transition
predicted from our model should occur at lower temperatures if
the films are not uniformly stressed and that the estimated values
of Ty, would be also smaller if this value is not taken from the
maximum of H. vs T curves. In any case the overall behavior is still
well explained by the proposed model.

In the sample with d=94 nm no transition is predicted and in
fact this film shows a hysteresis loop that can be associated to a
stripe domain structure in the whole temperature range. For this
sample it is still possible to observe the influence of the interfacial
induced strain on the magnetic behavior. A careful analysis of the
loops of Fig. 2 at different temperatures shows that the in-plane
saturation field decreases for decreasing temperatures. The tem-
perature variation of this field is related with the Q-factor and the
saturation magnetization through the relationship [8,18]

1 der
- 1+Qd> . (7)

If the temperature dependence of M;, Q, and d., is considered, Eq. (7)
predicts a variation of Hg (T) very similar to the measured experi-
mental results, supporting the validity of our assumptions.

The model also predicts that for d <28 nm the transition tem-
perature between the two magnetic structures should be above room
temperature. For example, using Eqgs. (1) and (6) it is possible to
estimate Tgp2340K and Tg,2420K for d=28 nm and d=19 nm,
respectively. We made measurements for T > 300 K in the film with
d=28 nm and observed that the coercive field does not increase when
increasing the temperature but decreases slightly. We also noted that
if the hysteresis loop is remeasured at room temperature after heating
the film, a smaller value of H, is found. As mentioned in Refs. [7,9], it is
not possible to perform magnetic measurements above room tem-
perature without affecting the samples in an irreversible way, even if
using relatively low temperatures. Our previous published results
suggest that thermal energy favors the release of residual stresses
and hence stabilize the configuration of planar domains. This reason
helps to understand the absence of a maximum in H. above room
temperature in the samples with d <28 nm.

Hg (T) ~4zM,Q (1

4. Conclusions

By means of analyzing the temperature dependence of the coercive
field we have shown that the magnetic domain configuration of

disordered FePt films could be switched between in-plane domains
and stripe domains by changing the temperature. The effect is
observed for films in the range 35 nm <d <56 nm and originates
in the interfacial strain due to different thermal expansion coefficients
of the Si substrate and the ferromagnetic alloy. In thicker films
(d > 56 nm) the change in Q is not enough to eliminate the stripe
structure and the absence of a transition also occurs in thinner films
(d <28 nm) in which Ty, is predicted to occur above room tempera-
ture. All these results could be reasonably well explained by consider-
ing an expression for the full temperature dependence of the thermal
induced stress which produces an anisotropy axis perpendicular to the
film plane. To obtain a better fit of the experiments it would be very
useful to have reliable data for the thermal expansion coefficient, the
magnetostriction constant and Poisson's ratio of FePt alloys as a
function of temperature, both in the ordered and the disordered states.
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