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Abstract. Gadolinium/molybdenum multilayers have been prepared by dc magnetron
sputtering and their structure has been investigated by transmission electron microscopy and
low-angle x-ray diffraction. The in-plane magnetization of a series of multilayers with the same
molybdenum layer thickness but different gadolinium layer thicknesses has been measured in
fields up to 7 T at temperatures between 5.5 K and 250 K. The magnetic behaviour of the
multilayers has been interpreted on the basis of a simple model of their magnetic structure. The
interfaces between the gadolinium and molybdenum layers have significant roughness which
increases as the layer thicknesses increase, and this roughness affects the magnetic behaviour
of the interface regions, preventing the gadolinium moments near the interfaces from aligning
with the applied field.

1. Introduction

Magnetic multilayers offer the possibility of investigating a number of important problems
in fundamental magnetism, including interface anisotropy, interlayer coupling and two-
dimensional magnetic behaviour. To date, most investigations of magnetic multilayers
containing rare-earth elements have concentrated either on systems in which both comp-
onents are rare earths [1] or on rare-earth/transition metal multilayers in which the
transition metal is magnetically ordered [2]. There have been relatively few investigations
of the behaviour of magnetic rare earths interlayered with a non-magnetic transition
metal [3]. We are studying multilayers composed of a rare-earth metal and the refractory
non-magnetic transition metals of the chromium or vanadium groups. Our previous
investigation of gadolinium/tungsten (Gd/W) multilayers showed that there was a very large
enhancement of the magnetization of Gd/W multilayers with thin (<4 nm) gadolinium
layers [4]. In this paper we describe the results of structural and magnetic measurements on
gadolinium/molybdenum (Gd/Mo) multilayers. Molybdenum is chemically and structurally
similar to tungsten, and like tungsten it does not mix or form compounds with the rare-earth
metals [5] and remains paramagnetic at all temperatures.

2. Experimental procedure

Gadolinium/molybdenum multilayers were prepared by dc magnetron sputtering onto glass
substrates measuring 21 mm2 in a UHV vacuum chamber with base pressure below
2 × 10−10 Torr. The molybdenum sputter target was cut from a piece of 99.9% Mo foil
purchased from Goodfellow Cambridge Limited, Cambridge, UK. The gadolinium sputter
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target was purchased from the Ames Laboratory, Illinois, USA. The substrates were carefully
cleaned and then coated with a thin layer of amorphous carbon to improve the flatness and
continuity of the sputtered layers. The substrates were mounted on a computer-controlled
rotating table, which positioned them under each source for a pre-set time to deposit the
required quantity of each metal. All of the specimens were deposited at ambient temperature
in an atmosphere of 99.99% argon at a pressure of 5× 10−2 Torr. Multilayers prepared
for x-ray and magnetization measurements consisted of 50 bilayers with additional base
and capping layers of molybdenum. Additional samples for examination by transmission
electron microscopy (TEM), consisting of 10 bilayers without base or capping layers, were
deposited under identical conditions directly onto amorphous carbon support films mounted
on 3 mm diameter microscope grids.

The structure of the multilayers was characterized by low-angle x-ray diffraction in a
Bede Scientific GXR1 reflectometer running in coupledθ/2θ mode with Cu Kα radiation.
The layer thicknesses in each multilayer were determined by matching the angles and relative
intensities of the experimental x-ray diffraction peaks to simulated diffraction patterns of
model multilayer structures produced using the Bede Scientific REFS software package,
which is based on the analysis of Parratt [6]. The bulk densities of molybdenum and
gadolinium were used in the simulations. Multilayer specimens deposited on microscope
grids were examined in a JEOL 100C electron microscope operating at 100 kV.

The magnetization of each multilayer and substrate was measured using a Quantum
Design MPMS SQUID magnetometer in applied fields up to 7 T with the field direction
in the plane of the layers. Measurements were made at 5.5, 10, 20, 50, 80, 150, 200 and
250 K. The multilayer was then removed from the substrate by gentle abrasion with diamond
paste (6 and 1µm grade), followed by an ultrasound bath in ethanol, and the background
magnetization of the substrate and holder were measured under identical conditions. This
background measurement was then subtracted point-for-point from the first measurement to
give the magnetization of the multilayer.

Gd/Mo multilayers have been prepared with bilayer thickness,3, between 2.2 and
13.6 nm and with individual layer thicknesses between 0.6 and 12.0 nm. Here we describe
the structure and magnetization of a series of five multilayer specimens in which all
the multilayers had the same pre-set time for molybdenum deposition, producing (within
experimental uncertainty) the same molybdenum layer thickness,dMo, of approximately
1.4 nm, but each multilayer had a different gadolinium layer thickness,dGd . The properties
of multilayers with different molybdenum thicknesses have been described elsewhere [7].

3. Results

3.1. Structure

X-ray measurements on all of the Gd/Mo multilayers showed several orders of Bragg
reflection from the bilayer periodicity, indicating that the layer structure is well defined and
regular. However, the total thickness of these multilayer specimens was too large for Kiessig
fringes between the Bragg reflections to be resolved. As shown in figure 1, the number
of reflection orders increased with3. The values of3, dMo anddGd determined from the
x-ray measurements for each multilayer studied here are given in table 1. As previously
discussed [4],3 could generally be determined to within 0.02 nm, but the accuracy of
the individual layer thickness determinations was poorer except in the few cases where
one layer thickness was a sub-multiple of the other and the x-ray pattern showed intensity
‘beats’. This is because the intensities of the Bragg reflections are affected not only by
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Figure 1. Low-angle x-ray diffraction patterns of
three Gd/Mo multilayer specimens with different
values of 3. The curves have been displaced
vertically for clarity. Then = 3 diffraction peak
is absent in the multilayer with3 = 4.4 nm, where
the optical thickness of the Mo is half that of the
Gd.

the thicknesses of the two different types of layer but also by other factors including the
roughnesses of the layer interfaces, specimen curvature and the presence of a surface oxide
layer. The REFS software allows these effects to be included in the simulations, and we
have found that very accurate matches between experiment and simulation can be made
provided that the specimen consists of fewer than about 10 layers. However, the specimens
examined here consisted of 102 layers, and each of the layer interfaces could, in principle,
have a different roughness, so the number of adjustable parameters in a full simulation is
extremely large. Because of this we did not consider it worthwhile to make a detailed
simulation study. Instead we performed simulations using a single rms roughness value for
every layer interface and examined the effect on the simulated reflectivity of changing this
single roughness value and of changing the proportions of the two materials. In this way
we could arrive at an estimate of the individual layer thicknesses and an estimate of the
average roughness, but we could not determine these parameters absolutely. The estimated
uncertainties in the individual layer thicknesses obtained in this way are also given in table 1.

Table 1. Layer thicknesses of Gd/Mo multilayer specimens determined from x-ray reflection
measurements.

Specimen 3 (nm) dMo (nm) dGd (nm)

1 2.45± 0.05 1.55± 0.15 0.80± 0.15
2 3.137± 0.002 1.75± 0.10 1.40± 0.10
3 3.452± 0.002 1.35± 0.10 2.20± 0.10
4 4.440± 0.015 1.50± 0.15 2.95± 0.15
5 7.995± 0.008 1.65± 0.10 6.35± 0.10

It was noticeable that fewer reflection orders were generally observed for Gd/Mo than for
Gd/W multilayers of comparable3 [4]. This is partly due to the fact that the x-ray contrast
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is lower in the Gd/Mo system than in Gd/W, so the Bragg reflections are less intense and for
a given background intensity fewer peaks are observed. However, the simulations indicated
that reduced contrast alone is not sufficient to account for the observations and that the
Gd/Mo multilayers have significantly rougher layer interfaces than in Gd/W, leading to more
rapid damping of the reflected intensity at high Bragg angles. Comparing the experimental
x-ray patterns with simulations indicated that an average rms roughness value of 0.3 nm
was appropriate for Gd/Mo multilayers with individual layer thicknesses of less than 5 nm,
increasing to 0.4 nm for layer thicknesses up to 10 nm. The experimental x-ray reflectivity
of Gd/W multilayers could be simulated well using average rms roughness values less than
0.1 nm for all layer thicknesses up to 10 nm. However, it should be emphasized that these
roughness values are approximate. A more detailed x-ray study of interface roughness in
Gd/Mo multilayers consisting of fewer layers is currently in progress.

Figure 2. The preferred crystallographic orientation (texture) in Gd/Mo multilayers. (a) A TEM
diffraction pattern from a multilayer with 1.5 nm Mo layers and 3.5 nm Gd layers, tilted by
15◦ from the horizontal. The diffraction rings from both the Mo and the Gd vary in intensity,
showing that both metals have texture. (b) A TEM diffraction pattern from a multilayer with
1.5 nm Mo layers and 0.8 nm Gd layers, tilted by 40◦ from the horizontal. A weak Gd
0002 reflection has appeared (arrowed) in association with a strong Mo 110 reflection. (c) A
schematic diagram showing the texture observed in multilayers withdGd greater than 1 nm.
(d) A schematic diagram showing the texture observed in the multilayer with 0.8 nm Gd layers.

TEM showed that the layers are polycrystalline. Both gadolinium and molybdenum
were found to have their equilibrium crystal structures. Weak, diffuse diffraction rings
from metal oxide could also be seen in some specimens but the diffracted beams from the
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pure metals were always much more intense, indicating that the amount of oxide present
was relatively small. Attempts were made to measure the diameter of the oxide crystals
by forming dark-field images with a small objective aperture centred on the most intense
oxide diffraction ring, but the dark-field images obtained showed only a weak intensity
distributed over the whole specimen and no individual oxide crystals could be resolved.
These observations are consistent with the presence of a thin, uniform oxide film composed
of small crystallites (<2 nm diameter) on the surface of the specimen.

Pure molybdenum sputtered onto carbon films was found to grow with randomly oriented
crystals, but when the molybdenum is deposited onto gadolinium in a multilayer it develops
a preferred orientation (texture). This is illustrated in figure 2. The nature of the texture was
analysed by tilting the multilayer specimens in the microscope and observing the changes
in relative intensity of the reflections in the electron diffraction patterns as a function
of tilt angle. This showed that the molybdenum crystals were growing with the [111]
crystal direction preferentially normal to the plane of the layers ([111] fibre texture). In
a material like molybdenum with a cubic crystal structure this texture implies that the
(111) crystallographic plane lies preferentially parallel to the plane of the layers, which
is an unusual texture for a bcc material in which the (111) plane is not close packed.
Preferred orientation in metal films usually favours close-packed crystal planes parallel to
the substrate [8].

In pure sputtered films of gadolinium the crystals were observed to grow with the
hexagonalc-axis preferentially normal to the layer plane ([0001] fibre texture). This
texture was also observed in relatively thick (>3 nm) gadolinium layers in the multilayers.
However, in the multilayer with the thinnest gadolinium layers (0.8 nm) a different texture
was observed. In the untilted specimen, i.e. with the electron beam parallel to the layer
normal, no diffracted beams from the gadolinium were visible in the diffraction pattern, and
it seemed possible that the thin gadolinium had adopted an amorphous structure like that
observed in Gd/Fe multilayers with thin layers [10]. However, on tilting the specimen by
approximately 40◦ well-defined 0002 reflections from the gadolinium appeared, as shown
in figure 2(b), in association with strong 110 reflections from the molybdenum. The thin
gadolinium layers are therefore crystalline, and there is an orientation relationship between
the gadolinium and the molybdenum such that(0001)Gd is parallel to(110)Mo but these
planes are inclined at an angle to the plane of the layers. The two textures observed, in thin
(0.8 nm) and thick (>3 nm) gadolinium layers, are illustrated schematically in figures 2(c)
and 2(d).

The in-plane diameters of the crystals of each component in the multilayer were
measured from dark-field images formed using a small objective aperture centred on a
diffraction ring from each metal in turn. The average in-plane diameter was found to be
approximately 45 nm for molybdenum crystals and 15 nm for gadolinium crystals. The
crystal size did not vary significantly with layer thickness over the range of thickness
examined.

3.2. Magnetization

The magnetization curves of the multilayers measured at 5.5 K are shown in figure 3. All
of the curves are of similar shape, with an initial high-susceptibility region followed by a
gradual transition to an approximately linearly increasing region at higher fields. All of the
multilayers show an open hysteresis loop at low fields, but the remanent magnetization is
very small. None of the specimens reached saturation in the maximum applied field of 7 T.

The total Gd content of each multilayer was calculated from the x-ray data shown in
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Figure 3. The magnetization of the multilayers measured at 5.5 K, showing a rapid initial
rise followed by a slow increase at high fields. The symbols refer to the following gadolinium
layer thicknesses: open circles: 0.8 nm; upward-pointing triangles: 1.4 nm; downward-pointing
triangles: 2.2 nm; closed circles: 2.95 nm; solid squares: 6.35 nm.

table 1 and the expected saturation moment,ME , of each multilayer was then calculated
assuming the bulk metallic gadolinium moment of 7.63 µB per atom [10]. In all cases the
maximum observed magnetic moment,MOBS , of the multilayers is less than the expected
value, i.e. we see no evidence for magnetization enhancement as was observed in Gd/W
multilayers [4]. The ratioMOBS/ME decreases as the thickness of the Gd layers is reduced,
i.e. the gadolinium layers become harder to saturate within the plane as their thickness
decreases.

Table 2. Estimated ordering temperatures and thicknesses of the gadolinium layer centre and
interface regions determined from magnetization measurements (the symbols are defined in text).

Specimen 2P (K) Mcentre (nm) MP (nm) MM (nm)

1 35± 10 0.27 0.43 0.1 ± 0.15
2 75± 10 0.35 0.70 0.35± 0.10
3 135± 10 0.79 1.08 0.33± 0.10
4 195± 15 1.34 0.94 0.67± 0.15
5 > 250 2.84 2.11 1.40± 0.10

The magnetization of the multilayer with 2.2 nm Gd layers is shown as a function of
temperature in figure 4. At temperatures of 150 K and above there is no hysteresis and
the magnetization is linear with applied field, indicating that the Gd layers in this specimen
are above their ferromagnetic ordering temperature. The ordering temperature of each
multilayer has been estimated by using Curie–Weiss plots of the reciprocal susceptibility in
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(a)

(b)

Figure 4. The magnetization of the multilayer with 2.2 nm Gd layers: (a) complete
magnetization curves as functions of the temperature, showing the steady decrease in high-
field moment with increasing temperature (the symbols refer to the following temperatures:
open circles: 5.5 K; open squares: 10 K; downward-pointing triangles: 20 K; solid squares:
50 K; crosses: 80 K; upward-pointing triangles: 150 K; solid circles: 200 K); (b) the low-field
part of the magnetization curves at 5.5, 50 and 250 K, illustrating the transition with increasing
temperature from the typical open hysteresis loop characteristic of ferromagnetic order to a linear
paramagnetic response.
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the field region 0.1 to 0.3 T to determine the paramagnetic Curie temperature,2P , and the
results are given in table 2. The paramagnetic Curie temperature is expected to be close to,
though not identical to, the ferromagnetic Curie temperatureTC [11]. All of the multilayers
were found to have paramagnetic Curie temperatures significantly lower than that of bulk
gadolinium, and the value of2P decreases with decreasingdGd as predicted theoretically
for thin magnetic layers [12]. In this investigation we have not determined the ferromagnetic
Curie temperature. To do this it would be necessary to measure the susceptibility in much
smaller temperature intervals close to the ordering temperature [13].

Figure 5. A schematic diagram of the model magnetic structure of the multilayers. Each
gadolinium layer consists of a central region (dark shading) in which the moments align with
the applied field,B, and two interface regions (grey shading) in which the moments are not
aligned.

4. Modelling

4.1. The thickness dependence of the magnetization

We have modelled the magnetization curves of the Gd/Mo multilayers by considering each
Gd layer to be made up of three regions. We consider the initial rapid rise in magnetization
at low applied fields to be associated with the Gd atoms in the centre of each Gd layer, whose
moments can be aligned relatively easily by an external field. The slower, approximately
linear, increase at higher fields is attributed to the Gd atoms close to the boundaries between
each Gd and Mo layer. In these ‘interface regions’ the Gd moments require a large applied
field for alignment. This model of the magnetic structure is illustrated schematically in
figure 5. A similar model of the magnetic structure of thin layers has been used by other
researchers [14].

In analysing the magnetization curves we have defined the boundary between the low-
field region, corresponding to the layer centres, and the high-field region, corresponding to
the interfaces, to be 0.3 T. This value of field was chosen because it marks the end of the
rapidly rising part of the experimental 5.5 K magnetization curves of all of the specimens
(see figure 3).

Using this model, we have estimated the thickness of the central region of each Gd
layer from the measured moment of the multilayer at 0.3 T. We find that the thickness of
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(a)

(b)

Figure 6. (a) The thickness of gadolinium layer centres as a function of total gadolinium layer
thickness. The uncertainties in the total layer thickness are indicated by error bars. The line is
a least-squares-fit to the data. (b) The magnetization curve, showing the relationship between
the various parts of the curve and the components of the moment discussed in the text.

the layer centres increases approximately linearly with the total thickness of each Gd layer.
This is shown in figure 6. A least-squares fit to the data indicates that the thickness of the
central region becomes zero at a total layer thickness of about 0.5 nm, which corresponds
to approximately twice the effective diameter of the Gd atom calculated from the lattice
parameter of gadolinium metal. This provides support for our model, since in a flat film
with a thickness of two atomic diameters every atom would be at an interface. The gradient
of the least-squares-fit line in figure 6 is close to 0.5, indicating that above the minimum
thickness of two atomic diameters about half of the additional Gd is in the layer centres.
The thickness of the interface regions thus increases with the total Gd thickness. This point
is discussed further below.

We assume that the total moment of the interface regions is the difference between the
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moment of the central region, reached at 0.3 T, and the expected moment,ME , calculated
from the total Gd layer thickness. However, none of our multilayer specimens reached
ME in the maximum applied field. We have therefore chosen to consider two separate
components of the interface moment. The first component is the difference between the
0.3 T moment and the moment observed at the maximum available field,MOBS . We call this
observed high-field moment, which is associated with pinned moments which cannot rotate
at low field, MP . The second component,MM , the ‘missing’ moment, is the difference
betweenMOBS andME . The relationship between these components of the total moment
of the multilayer and the magnetization curve is shown schematically in figure 6(b). The
magnitude of the ‘missing’ moment,MM , increases with Gd layer thickness.MM also
increases with Mo layer thickness in the series of multilayers with constantdGd [7]. The
total inferred interface moment,MP + MM , increases with Gd thickness. The numerical
values of the Gd layer centre thickness,MP andMM , for each multilayer, are summarized
in table 2. To allow easy comparison of their relative magnitudes for the different specimens
the magnetization valuesMP andMM are presented in table 2 as equivalent thicknesses of
gadolinium, using the conversion factor of 7.63 µB per Gd atom.

4.2. The temperature dependence

The same model of the magnetism of the gadolinium layers has been used to analyse the
temperature dependence of the magnetization of the multilayers. The first point which
should be noted is that since the Curie–Weiss plots were made using the susceptibility
at fields below 0.3 T the ordering temperatures in table 2 refer to the centres of the Gd
layers. In the specimens with thin Gd layers2P shows a linear dependence on both the
total Gd layer thickness and the thickness of the layer centres, suggesting that the Gd
layers should approach the bulk ordering temperature of 293 K when their total thickness
is about 4 nm and their centre thickness is about 2 nm. This prediction agrees with results
reported for Gd/Y single-crystal multilayers, in which an ordering temperature of 285 K was
found for a gadolinium thickness of ten atomic layers (about 3 nm) [15]. We find that the
Gd/Mo multilayer with 6.35 nm gadolinium layers (4.95 nm centre thickness) is clearly still
ferromagnetically ordered at 250 K, but we have no measurements at temperatures higher
than this.

The form of the temperature dependence of the layer centre moment is illustrated
in figure 7. This shows the centre moment of each multilayer divided by its value at
the lowest measuring temperature of 5.5 K. The magnetization decreases with increasing
temperature for all the multilayers, as expected, falling off more quickly for thin Gd layers
and qualitatively following the general form of temperature dependence predicted by spin-
wave theory for thin magnetic films [12].

For each multilayer the high-field susceptibility between 4 and 6 T was found to
be independent of temperature within experimental uncertainty, and therefore it was not
possible to use Curie–Weiss plots to estimate an ordering temperature for the interface
regions.

5. Discussion

Our analysis of the low-field portion of the magnetization curves of Gd/Mo multilayers
shows that part of each gadolinium layer is ferromagnetically ordered with an ordering
temperature which depends on the layer thickness, as predicted by theory. It is more difficult
to determine the magnetic state of the ‘interface regions’ in which the atomic moments



Gadolinium/molybdenum multilayers 695

Figure 7. The Gd layer centre moment of each multilayer as a function of temperature, divided
by the 5.5 K moment. Symbols refer to the following Gd layer thicknesses: solid squares:
0.8 nm; open squares: 1.4 nm; open triangles: 2.2 nm; closed circles: 2.95 nm; open circles:
6.35 nm. Lines through the symbols are a guide to the eye. The dependence of the moment
on layer thickness at low temperatures is qualitatively in agreement with the predictions of
spin-wave theory.

require a large external field to produce alignment. In itinerant magnetic metal multilayers,
for example Ni/Cu, Fe/W, Fe/V, Fe/Nb and Co/Ti, intermixing produces a magnetically
‘dead’ (less magnetic or non-magnetic) layer at each interface [16]. In gadolinium metal
the 4f electrons which are responsible for most of the atomic moment are localized core
electrons and do not mix with the electrons of the spacer component, so it is not possible
to form a dead interface layer. We assume, therefore, that every gadolinium atom in
the multilayer, including those in the interface regions, carries a magnetic moment. The
interface regions may then be in one of two possible magnetic states: either a paramagnetic
state, in which the exchange interaction between different gadolinium atoms is insufficient
to produce ferromagnetic alignment, or else a ‘hard’ ferromagnetic state in which the
moments are ordered but cannot align with the applied field. Either of these states may
occur near the interfaces in a magnetic multilayer. Reduced exchange near the layer
interfaces might be caused by roughness or intermixing, both of which would reduce the
number of gadolinium–gadolinium nearest neighbours, or by changes in the conduction
band susceptibility due to hybridization with the molybdenum conduction band [17]. On
the other hand ferromagnetically aligned atomic moments might be pinned by coherency
strain, inhomogeneous strains due to crystal defects or interface roughness [18]. On the
basis of the results of this investigation we are not able to determine whether the interface
regions are paramagnetic or ferromagnetic.

The thickness of the interface regions in our multilayers increases withdGd and also
with dMo [7]. This behaviour differs from that reported for MBE-grown single-crystal Gd/Y
multilayers [14], in which a single Gd atomic layer at each interface was magnetically pinned
regardless of the total layer thickness. The observed increase inMM with increasingdGd

or dMo shows that in Gd/Mo multilayers the interface regions are becoming magnetically
harder as well as thicker, and our observations of the structure of the multilayers indicate
that this behaviour is related to an increase in interface roughness. Our x-ray reflection
results demonstrate that the rms roughness of the interfaces in Gd/Mo increases with
increasingdGd anddMo. The relatively high rms roughness of Gd/Mo compared to Gd/W
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is likely to be related to the fact that the Mo crystals grow with a non-close-packed crystal
plane parallel to the plane of the layers, while the tungsten crystals in Gd/W have no
preferred orientation [19]. Close-packed crystallographic planes, such as the (0001) plane
in gadolinium, present a smooth, flat surface on the atomic scale whereas non-close-packed
planes are atomically rough. The intrinsic atomic-scale roughness of the Mo(111) plane
will be amplified as further Mo atoms are deposited at random positions on the growing
molybdenum layer, and the rough molybdenum film will then form a rough base for the
next gadolinium layer, so the roughness increases up through the layer stack [20].

Roughness of the molybdenum layers is probably responsible for the difference in texture
that we observe between very thin (0.8 nm) and thicker Gd layers. Since the average
thickness of a 0.8 nm Gd layer is comparable to the measured Mo layer roughness it follows
that each thin Gd ‘layer’ will actually consist of non-uniform gadolinium regions with low
connectivity. The gadolinium crystals cannot adopt their usual preferred orientation (the
close-packed (0001) plane parallel to the layer plane) until the average Gd thickness is
large enough to form a connected film over substantial areas. The low connectivity of very
thin gadolinium layers must contribute to their low observed ordering temperature and their
rapid decrease in magnetization with increasing temperature.

6. Conclusions

Gd/Mo multilayers have been prepared by dc magnetron sputtering with good layer
regularity and compositional separation, but x-ray reflectometry indicated that the average
rms layer roughness is high, increasing from 0.3 nm for 1 nm layers to 0.4 nm for 10 nm
layers. TEM showed that the layers are polycrystalline, with preferred orientation in both
materials. The nature of the preferred crystallographic orientation in the gadolinium layers
depends on the layer thickness, changing between 0.8 and 3 nm.

Each gadolinium layer has been modelled as three magnetic regions: a central,
magnetically ‘soft’ region and two magnetically ‘hard’ interface regions. As the Gd layer
thickness increases the thicknesses of both the central region and the interface regions
increase and the interface regions become magnetically harder. This behaviour is linked
to the increase in interface roughness. The central regions of the gadolinium layers are
ferromagnetically ordered with an ordering temperature proportional to layer thickness.
The interface regions may be either paramagnetic or ferromagnetically ordered with strong
pinning. We are unable to distinguish between these two possibilities on the basis of our
experiments.
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