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Abstract
We address the dimensionality aspects of the magnetic ordering in δ-doped Pd(Fe) structures.
The key property we investigate, via magneto-optic Kerr measurements, is the magnetization
induced by iron in palladium, over a wide temperature range 5 K < T < 300 K. The
dimensional crossover we observe cannot be rationalized on the basis of structural
considerations alone, since we find the dimensionality of the low temperature and of the critical
region can differ. We discuss the crossover in terms of the temperature dependence of the
magnon modes, giving rise to lower dimensionality at low temperatures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The progress within the field of ultrathin magnets [1, 2]
provides a unique testing ground for examining concepts
of dimensionality and extension in condensed matter. One
particularly fruitful approach has been to make contact with
the statistical mechanical theory of critical phenomena [3]
and search for experimental realizations of spin models. In
the vicinity of the Curie point of a ferromagnetic transition,
the thermodynamic observables associated with these models
display universal characteristics, which may be parametrized
in terms of critical exponents. These quantify how observables
tend to zero or infinity at the transition and depend only on the
range of the interactions, the symmetries of the Hamiltonian
and the spatial dimensionality of the system.

Although the database of ultrathin experimental realiza-
tions of spin models is large and compelling [2, 4–6], recon-
ciling the presence, in most cases, of itinerant electrons and
complicated long-range interactions (such as the RKKY and
dipolar couplings) with predictions based on localized nearest-
neighbour spin models, remains problematic. Nevertheless,
even when a direct comparison with a model Hamiltonian is
lacking, it is beyond doubt that the low-dimensional structure
of ultrathin magnets strongly alters their properties, compared
to their bulk equivalents. In this respect, monitoring the
dimensional crossover of a system as its thickness is reduced
often provides a significant degree of insight. For example, a
clear change from three- to two-dimensional critical exponents

has been observed in films of Ni on W(110) [7] and of Co on
Cu(111) [8] as their thickness is reduced.

Here we examine a more subtle example of dimensional
crossover, in which the dimensionality is not dictated by
structural considerations alone. The material combination used
for the exploration is δ-doped Pd(Fe), in which the dopant
Fe is constrained to a single monolayer (ML) placed between
two thicker (20 ML) Pd layers. Being easily polarizable,
palladium develops a large magnetic moment by the presence
of a magnetic impurity, such as iron. A single Fe impurity
polarizes a region of Pd with a radius of roughly 10 Å, giving
rise to a magnetic moment corresponding to 10–12 μB per
Fe atom [9–11]. Calculations suggest the polarized region
to be even larger in δ-doped Pd(Fe), extending up to 20 Å
from the Fe layers, corresponding to about 10 atomic planes
of Pd(001) [12]. This is large compared to atomic scale
imperfections such as steps, vacancies and defects. δ-doped
Pd(Fe) systems therefore possess the appealing property of
being magnetically ‘perfect’, even though structurally they
may not be.

The influence of δ-doping on ferromagnetic ordering of
Pd(Fe) was first studied experimentally by Pärnaste et al [13],
who investigated the effect of the concentration of the Fe δ-
doping on the ordering temperature and the dimensionality
of the ferromagnetic transition. The behaviour of δ-doped
layers differs markedly from conventional FexPd1−x alloys. As
might be expected, both kinds display a pronounced increase
in the ordering temperature with increasing Fe concentration.
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Figure 1. Schematic diagram of the decay in the magnetic moment
from the central Fe (in red) layer in the surrounding Pd layers for an
ideal stacked structure. The polarization of Pd extends for up to 10
monolayers.

However, the rate of change in the Curie temperature for
equivalent changes in concentration for δ-doped alloys is over
twice that of normal alloys [14]. In addition, Pärnaste et al
reported a clear crossover from two- to three-dimensional
critical behaviour in the measured remanent magnetization data
for Fe thicknesses dFe < 0.4 ML.

The observation of this dimensionality crossover is, at
first sight, surprising, since it is difficult to envisage three-
dimensional behaviour arising from a ferromagnetic layer less
than 1 ML thick. The key to understanding this phenomenon
lies in the large polarizability sphere induced by the iron in
the palladium. The width of the profile of the magnetic
moment surrounding the central Fe layer is, at least to a first
approximation, insensitive to the amount of Fe present, as
illustrated in figure 1. This implies a fixed reference frame
for magnon excitations in the direction perpendicular to the
Fe monolayer (the z direction) between different samples.
Therefore, provided the Curie temperature is sufficiently high,
systems with dFe beyond a certain threshold can access these
modes thermally, thus giving rise to three-dimensional critical
behaviour.

The motivation of the present work is to experimentally
verify whether this picture of magnons ‘freezing out’ can
provide a consistent explanation for the behaviour of the
magnetization over the full temperature range 5 K < T <

300 K, and not only the critical region. An implication
of this model is that the dimensionality of the critical
region does not necessarily follow from that of the low
temperature region. In principle, it should be possible to
fabricate samples with δ-doping concentrations corresponding
to three-dimensional critical behaviour and two-dimensional
low temperature behaviour. Therefore, we have grown a set of
samples with δ dopings corresponding to 0.5 and 1.4dFe, and
compare their behaviour with a three-dimensional reference
sample in the form of a thick FePd alloy layer.

2. Experimental details

The δ-doped Pd(Fe) samples were grown using a DC
magnetron sputtering method on a (100) MgO substrate.
Samples were grown using a 10 ML vanadium seeding layer
in order to alleviate a large lattice mismatch between Pd and
MgO, and wetting. The Pd and Fe layers were deposited from
sputtering targets of 99.99% purity for the relevant metal. The
base pressure of the deposition system was 2 × 10−9 Torr,
whereas the sputtering was carried out at a pressure of 2 mTorr.

The fcc Fe10Pd90 alloy sample was sputtered directly onto
an Sr2TiO3 substrate. A 200 Å seeding layer of the alloy
was first grown directly onto the substrate at a temperature of
700 ◦C. In this way, the alloy preferentially grows in large
crystalline islands with (001) orientation. The sample was
then cooled down to room temperature and a further 200 Å
of the alloy deposited on top. This overlayer is polycrystalline,
consisting of very small crystallites. These fill the vacancies
on the surface of the seeding layer and ensure a smooth
sample/vacuum interface. Subsequently, we annealed the
sample at 600 ◦C for 30 min. During the annealing process,
the crystallites in the topmost layer orient themselves along
the direction of the seeding layer, whilst maintaining the
smoothness of the surface/vacuum interface. The result of this
process is a single-crystal (100) structure of an FePd alloy with
very low surface roughness.

We investigated the magnetic properties of the films
by means of the magneto-optic Kerr effect (MOKE)
technique. The MOKE measurements were performed within
a temperature range 5 K < T < 300 K, using a longitudinal
geometry set-up. A polarized laser light (λ = 635 nm,
P = 30 mW) is used as a light source. The incident angle
is fixed, θ = 41◦. Strain-free ultra-high vacuum windows
with negligible birefringence are positioned 30 cm from the
maximum field. A Glan–Thompson prism is used to set the
polarization of the incident beam to s-polarized light. The
beam is reflected from the sample mounted on an He cryostat.
The cryostat is equipped with a temperature controller with
which we were able to control the temperature to within
±0.02 K. The cryostat fits in the air gap of a quadrupole
electromagnet capable of generating magnetic fields at the
sample position of magnitude ∼600 mT. This configuration
allows us to set the external magnetic field to any direction
parallel to the sample surface without needing to change the
scattering geometry.

The light reflected by the sample beam is modulated
by a photoelastic modulator (PEM) operating at 50 kHz.
The PEM retardation axis is placed parallel to the plane of
incidence. The PEM allows simultaneous measurement of the
first (Kerr ellipticity) and second (Kerr rotation) harmonic of
the detected intensity of light and enables the study of the
magnetic behaviour. The details of this technique have been
described previously [15]. Two lock-in amplifiers were used to
detect the first (50 kHz) and the second harmonic (100 kHz)
of the reflected signal. The modulation retardation of the PEM
is set at ϕ = 175◦ in order to maximize the amplitude of the
second harmonic. The analyser is turned to π/2 parallel to the
plane of incidence. Temperature-dependent hysteresis loops
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were recorded by sweeping the current in the electromagnets
with a slowly varying ( f = 0.4 Hz) sine wave current and by
means of a temperature controller. Before each measurement, a
demagnetizing cycle for the quadrupole magnet was performed
in order to avoid any remanent initial state of the magnetic
field. The entire set-up is automatically controlled. The
high modulation frequency (50 kHz), combined with the
phase-sensitive amplification, allowed us an accurate and very
sensitive registration of hysteresis loops, even on samples with
extremely low Kerr rotation values, such as δ-doped Pd(Fe).

3. Results

We recorded ferromagnetic hysteresis loops over a series
of temperatures 5 K < T < 300 K on samples of
thickness dFe = 0.5 and 1.4 ML, and for the Fe10Pd90 alloy.
Figure 2(a) displays a representative hysteresis loop for the
0.5 ML sample at 10 K. By recording similar loops over
the entire temperature range, we can construct surface plots
of the measured magnetization (Kerr rotation) as a function
of temperature T and applied field H for the three samples
(figures 2(b)–(d)). These allow us to make a number of
qualitative observations. Firstly, there is a clear increase in the
transition temperature Tc, below which spontaneous magnetic
ordering occurs, with increasing Fe concentration. The rate
of this increase as a function of Fe concentration is different
for alloys and δ-doped samples, and our measured values
are consistent with previous reports in the literature [13, 14].
Secondly, we notice a striking difference between the δ-doped
and alloy samples along the H = 0 axis. In the δ-doped case
there is a clear valley in the magnetization data all the way
up to Tc. In the case of the alloy, however, this reduction
in magnetization is considerably less pronounced at higher
temperatures. Thus, different degrees of collinearity in the
magnetization are anticipated in the samples.

At low temperature, we notice that for all three samples
the ratio between the magnetization at saturation and at zero
field is roughly 0.8. This is close to the theoretically predicted
remanence value (0.834) [16] for polycrystalline fcc iron when
the magnetization induced by an applied magnetic field lies
in a random angle relative to the nearest cubic axis of the
crystal. However, we can rule this possibility out, since we
observed no change in hysteresis upon a 45◦ rotation of the
field. In contrast, the ratio is known to be 0.5 when there
is no preferred direction of magnetization in the sample [16].
Coupled with the fact that the valley at H = 0 disappears at
higher temperatures for the alloy sample, we interpret this as
indicative of a non-collinear contribution, possibly linked to
dipolar interactions.

Above the ordering temperature, the field dependence is
significantly different for these different classes of materials.
The magnetic susceptibility (χ = ∂m

∂ H ) changes as χalloy �
χ1.4 � χ0.5. This is an indication of the robustness of the
transition to an external applied field and reflects the range of
magnetic excitations in these samples.

Figure 2. (a) Representative hysteresis loop recorded for the 0.5 ML
sample at 10 K (solid blue line). The parts of the loop indicated by
red circles have been used to create the surface plots below.
Magnetization as a function of temperature and applied field for the
(b) 0.5 and (c) 1.4 ML, and the (d) Fe10Pd90 alloy samples.

Critical temperature region

Although the qualitative differences in behaviour displayed
in figure 2 are undoubtedly physical in origin, they highlight
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a fundamental issue concerning the accessibility of the
spontaneous magnetization M (also known as the order
parameter) in experiments, and the relationship this has with
measurable quantities such as the remanent magnetization, Mr ,
and the saturation magnetization, Ms.

At a continuous phase transition from ferro- to
paramagnetism, the spontaneous magnetization, defined as the
magnetization that exists within individual regions or domains
of a system in zero applied field, vanishes according to a power
law

M(T ) = M0tβ , (1)

where t = (Tc − T )/Tc is the reduced temperature and β is the
magnetization critical exponent. In practice, this quantity is
hard to access experimentally using bulk probes, since these
yield an average quantity which depends on the orientation
of the magnetic domains. This difficulty makes a precise
estimation of Tc problematic.

In this work, we follow the remanent magnetization,
Mr, in order to get a handle on the behaviour of the
spontaneous magnetization, and consequently we define Tc as
the temperature at which Mr vanishes. Generally speaking
this correspondence between Mr and M holds except at low
temperatures, where there may be a number of geometrical and
structural factors that contribute to a suppression of Mr with
respect to the order parameter [17]. We emphasize that, as a
result of these considerations, our reported values of the critical
exponent β should be considered as effective. Nevertheless, we
consider the obtained values as being useful in their own right,
since they allow for a quantitative comparison between real
samples as well as with model calculations. Figure 3 displays
a log–log plot of Mr against t for the datasets extracted from
figure 2, along with the determined β and Tc. The values of
β we report were measured by choosing a Tc such that the
range of the linear region in the log–log plot is maximized,
an approach widely used by other authors [18–20, 7].

There are pronounced differences in behaviour between
the three samples. Remarkably, the 0.5 ML sample displays
power law behaviour over 2.5 decades in t , a strong indication
of low dimensionality [3]. The 1.4 ML sample is characterized
by a kink in the slope of the data at ∼0.5t , and below that
point the system appears to enter a separate low temperature
regime that is also characterized by a linear behaviour in
a log–log scale. We notice a similar, although much less
pronounced, kink in the 0.5 ML data, at around 0.25t . Finally,
the Fe10Pd90 alloy data exhibits a behaviour consistent with
a three-dimensional system, characterized by a conventional
departure from critical behaviour at low temperatures.

We determined β to be 0.25(1), 0.44(1) and 0.55(1) for
the 0.5, 1.4 ML and alloy samples, respectively. The β = 0.25
exponent measured in the 0.5 Fe ML system is slightly larger
than the value characteristic of the 2dXY model on a finite
lattice [21] (β � 0.23) and is consistent with the values
reported in [13]. We interpret this as further evidence for
the two-dimensional nature of the dFe = 0.5 system in the
vicinity of the critical temperature. The exponent obtained
for the 1.4 ML sample, β = 0.44(1), is considerably higher
than values typical of 3d model systems, e.g. about 0.37 for the
3d Heisenberg model [22], and is larger than the previously

Figure 3. Log–log plot of the magnetic remanence of the dFe = 0.5,
1.4 ML and of Fe10Pd90 alloy as a function of the reduced
temperature. The slope of the straight line gives the value of the
effective critical exponent. The value β of 0.25 for the 0.5 Fe ML is
comparable to that of the 2dXY model on a finite lattice [21].

reported value of 0.33 [13]. Nevertheless, this observation
allows us to rule out two-dimensional critical behaviour for
the 1.4 ML sample. Similarly, the alloy sample has a large
effective β value, also consistent with bulk behaviour. We
also note that previous measurements on Pd/Pd(1.2 at.% Fe)/Pd
multilayers are consistent with two-dimensional Heisenberg
behaviour down to 6.5 K [23]. While we cannot make a
direct comparison with our data, this lends credence to our
interpretation of our 3d samples in terms of the Heisenberg
model.

Low temperature region

In order to explore the low temperature behaviour of the
samples, we address the spontaneous and the saturation
magnetization. In our analysis, we define this as Ms = (M+ −
M−)/2, where M+ and M− are the averaged magnetizations
within a field span from 12 to 20 mT of the positive and
negative saturation fields, respectively. Our starting point is
the expression

Ms(T ) = M0
s (1 − BT c). (2)

In three-dimensional ferromagnets, the thermal excitation of
magnons leads to the celebrated Bloch T 3/2 law for the
saturation magnetization [24]. It is straightforward to show
that c = 1 for a two-dimensional system. Thus, in c
one has a qualifier of the dimensionality of a system at low
temperature. In addition, the constant B is known to be
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Figure 4. Temperature dependence of saturation magnetization
Ms(T )/M0

s for 0.5 ML and 1.4 ML δ-doped FePd and the Fe10Pd90

alloy. The solid lines are fitting curves calculated from equation (2),
with all three parameters varied in order to give the best fit.

Table 1. Estimated parameters for 0.5 ML and 1.4 ML δ-doped
FePd, and for the Fe10Pd90 alloy, using equation (2) as a fitting
function.

Sample M0 B c

0.5 Fe ML 0.1821(1) 0.68(5) 1.86(4)
1.4 Fe ML 0.2039(1) 1.51(5) 1.91(4)
Fe10Pd90 1.2341(1) 1.27(5) 2.38(4)

inversely proportional to the spin wave stiffness, a measure of
the energy cost necessary to thermally excite magnons [25].

We fitted the low temperature datasets (up to 0.3Tc in
terms of the normalized temperature T/Tc) to equation (2) with
B and c as fitting parameters. The results are summarized in
table 1. A similar analysis was performed with data obtained
from a linear extrapolation from high field to zero field in order
to investigate high field susceptibility effects. The calculated
values showed similar trends like the results of table 1 and thus
do not change the following discussion.

The trend we observe for the exponent c is monotonic
and increasing with Fe concentration, as shown in figure 4.
Interestingly, however, the values are consistently larger than
expected for a three-dimensional magnetic system. We suggest
these should not be taken at face value, since it is likely
that there are additional contributions that could make a
T 3/2 law inappropriate in FePd systems. In particular, the
Fe concentration provides an additional degree of freedom
through which magnons may dissipate, as discussed below.
Nevertheless, the considerably higher value of c = 2.38(4) for
the alloy sample indicates a different dimensionality compared
to the δ-doped samples, whose values, c = 1.86(4) and
1.91(4), are within experimental error of each other.

Turning to the constant B , we observe an increase in its
value with Fe content in the case of δ-doped samples. In

Figure 5. Schematic diagram depicting the placement of the critical
temperatures of the studied samples with respect to the threshold
temperatures T ∗ and T ∗∗, which define the dimensionality crossover
region for the critical behaviour of δ-doped Pd(Fe) layers.

particular, we find the coefficient for the 1.4 ML sample to be
roughly 2.2 times larger than the one for the 0.5 ML sample.
This suggests a relative softening of the magnon modes with
increasing Fe concentration. For the alloy, on the other hand,
the temperature dependence of the saturation magnetization
is less pronounced and B decreases relative to the 1.4 ML
value. This is to be expected, since the mean distance between
Fe atoms increases again in the bulk sample with 10% Fe
concentration.

4. Discussion

Let us start the discussion by recalling the quantized magnon
model introduced in [13]. The hypothesis upon which the
model rests, corroborated by first-principles calculations, is
the fact that the width of the polarization profile surrounding
the Fe layer is independent of the amount of Fe present.
Consequently, the distance between the energy levels for the
magnons in the direction perpendicular to the Fe layer remains
fixed, regardless of Fe content. One can therefore imagine
a fixed reference frame for the z magnon modes between
samples with different δ dopings. Since the Fe concentration
in the δ layer dictates the critical temperature Tc, increasing
the level of doping makes the z magnon modes thermally
accessible. Thus, the dimensionality of the ferromagnetic
transition depends entirely on whether the critical temperature
is above or below the crossover temperature at which the z
magnon modes are excited.

In practice, the variation in the critical exponent β as a
function of δ-doping measured experimentally [13] suggests
a slightly more complex situation, shown schematically in
figure 5. The threshold temperatures T ∗ and T ∗∗ delimit
an extended crossover region, below which two-dimensional
critical behaviour occurs and above which three-dimensional
critical behaviour is manifest. The correspondence between Fe
δ-doping and Tc allows us to identify the values of the threshold
temperatures. The deviation from a 2d transition takes place
at an Fe thickness of around 0.5 ML, corresponding to T ∗ ∼
100 K. Conversely, 3d behaviour is recovered when the Fe
thickness is above 1 ML, corresponding to T ∗∗ ∼ 175 K. This
identifies the crossover region between 100 and 175 K, where
the dimensionality is not well defined.

An important consequence of our model is that, provided
the δ-doping concentration is high enough, the dimensionality
crossover can occur within the same sample. If the Fe
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concentration corresponds to a Tc > T ∗∗, three-dimensional
critical behaviour is observed. However, as the temperature
decreases below T ∗, one expects to measure two-dimensional
behaviour. The 1.4 ML Fe sample, having an ordering
temperature Tc = 236.70(5) K that is above T ∗∗, can be
expected to be such a sample.

Our measurements over the full temperature range 5 K <

T < 300 K allow us to test this hypothesis. By comparing the
behaviour of the three samples, both in the low and critical
temperature regimes, we may draw conclusions concerning
their dimensionality.

In the 0.5 ML sample, we have persuasive evidence for
two-dimensional behaviour both at low temperature and in the
critical region. In the vicinity of Tc, the evidence is compelling
and comes in the form of a large region over which power
law behaviour is observed in reduced temperature, and the low
value we extract for the critical exponent, β = 0.25(1). At
low temperature, we measure a small value for B , a constant
reflecting the stiffness of magnons. Again, this is consistent
with two-dimensional behaviour, since a slow suppression
of the magnetization suggests stiffer magnon modes. Our
estimate for the exponent c = 1.86(4), is considerably higher
than the theoretical prediction for a 2d system (c = 1).
However, given the extra modes of dissipation present in
Pd(Fe), and the fact that we measure an even higher value in the
alloy sample, c = 2.38(4), we also interpret this as indicative
of a lower dimensionality.

Conversely, the Fe10Pd90 alloy sample behaves in a three-
dimensional manner over the entire temperature range. In
the critical region, the effective exponent β = 0.55 is not
consistent with any of the dimensionality classes of model
magnetism, but it allows us to confidently exclude a two-
dimensional transition. In the low temperature region, we
measure a large value of c = 2.38(4), which, as remarked
above, we also associate with three-dimensional behaviour.

We therefore take the 0.5 ML δ-doped and the Fe10Pd90

alloy samples as representative of the two-dimensional and
three-dimensional limiting cases, respectively. We are now in
a position to compare these to the behaviour of the 1.4 ML
δ-doped sample. In the low temperature regime, we observe
very little deviation from the 0.5 ML sample. In particular, the
comparable c values reported in table 2 suggest the 1.4 ML
system retains much of its low-dimensional character at low
temperature. In the critical regime, however, we observe
a strong departure from two-dimensional behaviour. We
determine β = 0.44(1), which is almost twice the value of
the 0.5 ML sample, and comparable to the value measured
for the alloy sample. Thus, we conclude the 1.4 ML δ-doped
sample displays two-dimensional low temperature behaviour
and three-dimensional critical behaviour. Our classification
scheme for the entire sample set is summarized in table 2.

5. Conclusions

We have investigated a highly unusual instance of magnetic
dimensional crossover, which does not rely solely on structural
factors. The behaviour of Pd(Fe) δ-doped structures can
only be rationalized by separating the atomic and magnetic

Table 2. Dimensionality classification for FePd samples.

Sample Low T regime Critical regime

0.5 Fe ML 2d 2d
1.4 Fe ML 2d 3d
Bulk Fe10Pd90 3d 3d

length scales. This is made possible because of the strong
polarizability Fe induces in Pd. Thus, the giant moment
ferromagnetism associated with FePd systems continues to
surprise over 40 years since its discovery [9], by challenging
the traditional notions of dimensional crossover in magnetism.

The crossover mechanism we propose for δ-doped Pd(Fe)
systems is based on a quantized magnon model. We argue that
two-dimensional behaviour only exists below a lower threshold
temperature T ∗, whereas three-dimensional behaviour occurs
above a higher threshold temperature T ∗∗. Thus, systems
with a critical temperature below T ∗, such as the 0.5 ML
sample, display two-dimensional behaviour both in the low and
critical temperature regime. On the other hand, systems
with a critical temperature above T ∗∗, such as the 1.4 ML
sample, will display three-dimensional critical behaviour in the
critical regime, but cross over to two-dimensional behaviour
at low temperatures, below T ∗. Our results therefore yield a
consistent picture that allows us to classify the dimensionality
of the Pd(Fe) δ-doped system, along with a conventional
Fe10Pd90 alloy. This classification scheme is summarized in
table 2.

The strong polarizability of palladium makes a direct
comparison with model magnetism problematic. In this sense,
the addition of iron can be viewed as an additional degree of
freedom, to be considered alongside the system dimensionality.
This may explain the systematically large c values we extract
in equation (2). On the other hand, at low Fe concentrations
we find compelling evidence for a recovery of model magnet
behaviour, and find evidence suggesting the 0.5 ML sample
behaves as a 2dXY ferromagnet on a finite lattice [21].

Finally, we remark that a direct measure of the magnon
spectrum would be highly desirable in order to better
understand the confinement effects we report in δ-doped
Pd(Fe) systems. Although this is likely to be extremely
challenging in practice, recent developments in spectroscopic
techniques [26] do not rule this possibility out.
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