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Abstract. The magnetic properties of monocrystalline erbium have been determined with
low-field AC susceptibility measurements between 4.2 and 150 K for different frequencies
and magnetic fields with the applied field parallel and perpendicular to the ¢ axis. The real
component of the susceptibility shows anomalies at the antiferromagnetic transition (7y =
85 K) and at the ferromagnetic transition (T¢ = 19 K) as well as for the basal plane ordering
transition at 52 K and for commensurate transitions at 34 and 28 K. The magnetic effects at
these transitions are discussed in relation to the results of previous calorimetric measure-
ments on the same crystal. To account for the observed non-zero value of the imaginary part
of the susceptibility at the transitions, different loss mechanisms are suggested.

1. Introduction

Erbium has a hexagonal close-packed lattice, with a complex but well known magnetic
structure (see e.g., [1]). Erbium has a Néel temperature Ty of 85 K below which the ¢
axis moments order in a sinusoidally modulated structure. Below about 52 K (Ty) an
additional component of the magnetic moment, ordered helicoidally in the basal plane,
is developed while below 19K (T¢) a conical ferromagnetic structure with the net
magnetic moment along the ¢ axis appears. In most of the temperature range between
Tc and Ty, the spin structure is incommensurate with the lattice. However, at certain
temperatures, structures commensurate with the lattice over a certain number of atomic
layers are developed. This occurs at 51 K (seven-atomic-layer period), 34 K (15-layer
period), 27 K (23-layer period) and 25 K (eight-layer period) [2]. These structures are
stable in a narrow temperature range. Between 25 K and T¢ the magnetic structure
remains commensurate with the lattice but for temperatures below about 22 K it attains
a ‘squared’ configuration with half the components of the magnetic moment along the ¢
axis parallel to and the other half antiparallel to this axis.

In a recent paper [3] we reported a calorimetric study of the magnetic transitions in
monocrystalline erbium. The ferromagnetictransitionobserved at19.2 K gave anenergy
change of 18.5 = 1.0 J mol ™!, With increasing temperature, small energy peaks of the
order of 1 J mol~! were observed at 21.6,23.3,25.3,50.8 and 53.4 K. The peak at 53.4 K
is due to the basal plane ordering transition while the peaks at 25.3 and 50.8 K are
probably caused by transitions to the commensurate structures with eight- and seven-
layer periodicities, respectively. The peaks at 21.6 and 23.3 K (sometimes only one peak
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Figure 1. The Ac susceptibility ¥'(7) and x"(T), measured at an AC field amplitude of
240 A m™!, applied parallel to the ¢ axis for different frequencies: x, 10 Hz; O, 100 Hz; A,
1000 Hz. For clarity a reduced number of data points are shown in the figures.

at21.6 K was obtained) may be connected with the ‘squaring-up’ transition or some kind
of commensuration of the spin structure with the lattice. The Néel transition occurred
at 85.6 K. The calorimetric measurements did not, however, detect the 23- or 15-
layer commensurate transitions, which was surprising since the eight- and seven-layer
structures were readily observed. Because of this inconsistency and in order to obtain a
more direct correlation between the calorimetric data and the magnetic properties in
erbium, we decided to undertake magnetic measurements on the same crystal which
was used in the calorimetric study.

The magnetic properties of erbium have been the subject of several investigations,
For magnetically strongly anisotropic materials such as erbium it is an advantage to use
single crystals to avoid averaging the magnetic properties over different directions.
Measurements of the DC susceptibility of monocrystalline erbium have been reported
earlier[4, 5]. These studies were, however, undertaken only in the paramagneticregime.
Recently some reports on the magnetisation of pure erbium and erbium loaded with
hydrogen have appeared [6-8]. Hydrogen was introduced into the lattice as a convenient
way to change the electronic properties and hence the magnetic interactions.

For the present investigation we have chosen to study the Ac suscepi:bility. From
the real and imaginary (lossy) components of the AC susceptibility and their dependence
on temperature T, frequency f and amplitude of the Ac field H, complementary
information about the magnetic transitions in relation to that of the DC susceptibility
and magnetisation measurements can be obtained. The lossy component and its 7-
dependence shed light on the hysteretic effects, i.e. the nature of the domain structure
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effects at the phase transitions. To the best of our knowledge there have been no Ac
susceptibility studies on monocrystalline erbium reported earlier.

2. Experimental details

The sample was obtained from a single crystal of erbium with a purity of 99.9 at.% or
better kindly put at our disposal by D Fort, Department of Metallurgy and Materials,
University of Birmingham. From this crystal, samples for both the calorimetric and the
susceptibility measurements were cut. The sample for the susceptibility studies was a
rectangular parallelepiped of dimensions 2.9 mm X 3.0 mm X 1.9 mm with the ¢ axis
approximately, to within a few degrees, parallel to the shortest edge of the sample.

The Ac susceptometer used was an unbalanced mutual impedance bridge with a
concentric coil system, calibrated by cylindrical samples of lead and copper. For each
run the sample was under fixed AC field and the frequency was periodically changed
between 10, 100 and 1000 Hz. The applied Ac fields were 240 A m~! (3 Oe) and 8000 A
m~! (100 Oe), the latter being the highest field attainable with the present equipment.
The Ac susceptibility was measured with the field either along the c axis or in the basal
plane with a direction close to the a (easy) axis. To obtain the final results of the
susceptibility, appropriate demagnetisation corrections were made. The susceptibility
was measured from 4.2 to 150 K at a warming rate of 0.5-2 K min~!. The data were
always taken during warming in order to avoid thermal hysteresis effects.

3. Results

3.1. Acfield parallel to the c axis

Figure 1(a) reports the real component y’ of the susceptibility as a function of T for
f=10Hz (crosses), 100 Hz (open circles) and 1000 Hz (open triangles) with the field
H,, =240 A m™! applied parallel to the ¢ axis. On the curves, five maxima or break
points in the temperature dependence of y' are visible at 19, 28, 34, 52 and 85 K. In
figure 2(a), x' for the higher field (8000 A m™!) is shown for f = 10 Hz (full circles). For
comparison the curve for H,, = 240 A m~! and 10 Hz is replotted in the figure (broken
curve). It is obvious that increasing the field by a factor of 33 does not change ' much
except that at 52 K and below 20 K there is a significant enhancement of ' for the higher
field. The frequency dependence of x' is very small in most of the temperature range
studied except at 52 K and at the lowest temperatures where there is a small decrease in
x' with increasing frequency.

For the imaginary component x” of the susceptibility the curves look more compli-
cated. At the lower field (figure 1(b)), x" increases with decreasing temperature for a
fixed frequency. This behaviour is typical for an eddy current effect and is due to the
decrease in the resistivity with decreasing temperature. It is also evident that y” increases
with increasing frequency. This is also a result which is predicted by the classical eddy
current theory. For all three frequencies a narrow peak appears in x” at 52 K while at
28 K a small maximum is obtained only for the highest frequency. Below 20 K a strong
enhancement of " is observed for 10 Hz. Increasing the field to 8000 A m™! (figure 2(b))
leads to a further strengthening of this peak.
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Figure 2. The Ac susceptibility versus temperature at 10 Hz with the field 8000 A m™! paralle}
to the ¢ axis (@): , guides for the eye. For comparison the corresponding data for
H,, =240 Am™! have been plotted (- - - -). Note that x"(T) for 240 A m™! is plotted on a
scale X 10.

3.2. acfield along the basal plane

In figure 3(a), x' is plotted versus T for f = 10 Hz (crosses), 100 Hz (open circles) and
1000 Hz (open triangles) with the field (240 A m™') along the basal plane. The maxima
at 28 and 52 K can still be observed but instead of a peak at 19 K a sharp drop occurs.
The shoulder at 34 K and the peak at 85 K are only visible as weak changes in the slope
of the curves. There is no significant frequency dependence to be seen from the results
in figure 3(a). Increasing the field to 8000 A m™! leads only to a small overall decrease
in x'. For the x" component (figure 3(b)) the trend of the temperature and frequency
dependences from figure 1(b) is maintained. The peaks at 28 and 52K are virtually
missing but below 20 K a small maximum is observed for the lowest frequency. The
higher field, 8000 A m™, has no greater influence on x". Figure 4 shows a comparison
between yx for the ¢ axis (full circles) and basal plane (broken curve) orientations for
H, = 8000 Am™!and f= 10 Hz. The inset is an enlargement of the region around Ty.

The magnetic moment in the paramagnetic range was calculated from a Curie-Weiss
fit of the ' data between 110 and 150 K for the ¢ axis and basal plane orientations of the
magnetic field. The value of the moment obtained was (9.7 = 0.2)ug. The corresponding
paramagnetic Curie temperatures were determined to 60 + 1 and 38 + 2 K for the c axis
and basal plane orientations of the field.

4. Discussion

With increasing temperature the maxima and anomalies appearing on the y’ curves
correspond to the ferromagnetic transition (19 K), the 23-layer commensurate (28 K),
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Figure 3. The AC susceptibility '(7) amd yx"(7) with a field of 240 A m~! in the basal plane
for different frequencies: X, 10 Hz; O, 100 Hz; A, 1000 Hz.

the 15-layer commensurate (34 K), the incommensurate helicoidal basal plane ordering
(52 K) and the antiferromagnetic ¢ axis modulated to paramagnetic (85 K) transitions,
respectively, as identified by comparison with the temperature dependence of the
wavevector of erbium [2]. In the following, these transitions and their loss mechanisms
will be discussed on the basis of the AC susceptibility results.

4.1. The ferromagnetic transition

In the ferromagnetic state there should be a domain structure in the crystal with the
magnetisation in most of the domains parallel or antiparallel to the ¢ axis. When the
applied field along the c axis is small (240 A m™!), the magnetisation process is due to
reversible domain wall displacements. At the higher field (8000 A m™!), some irre-
versible wall displacements take place, explaining the increase in x'. In contrast to the
maximum in x', when the field is along the ¢ axis a drop in the susceptibility occurs for
the perpendicular orientation of the field (figure 3(a)). A similar result can be found in
the magnetisation curves of Burger er al [8]. The decrease in ' for the basal plane
orientation could be explained by the fact that the ¢ axis component of the magnetic
moment for T < Tissmaller than that for T > T [1]. As the susceptibility with the field
inthe basal planeis determined by the average torque experienced by the c axis moments,
%' should in this case decrease at T with decreasing temperature.

4.2. The magnetic transitions between Tcand Ty

In the temperature range between T and Ty, several commensurate transitions occur.
The anomalies in y' observed at 28 and 34 K can be identified with transitions to
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Figure 4. x'(T) and "(T) at 10 Hz with a field of 8000 A m ™' parallel to the ¢ axis (@) or in
the basal plane (- - - -): ——, guides for the eye. Note that x"(T) for the basal plane is plotted

on ascale x 20. The inset shows an enlargement of the region around the Néel point.

commensurate structures of 23- and 15-layer periodicity. These commensurate struc-
tures have a small net magnetic moment along the ¢ axis [2] which will explain the
anomalies in the ¢ axis )’ at these temperatures. The basal plane susceptibility should
not be affected unless there is a coupling between the ¢ axis and basal plane components
of the moment. In fact, small changes in y’ with the field along the basal plane can be
detected which speaks in favour of the existence of some coupling in this case. These
commensurate transitions were not observed in the calorimetric measurements [3].
Probably the changes in magnetoelastic energy which are responsible for the main part
of the energy changes at the magnetic transitions at these temperatures are too small to
be detected in the calorimetric measurements. On the other hand an energy change of
about 1 J mol~! was observed at 25.3 K. We believe that this energy change is due to the
commensurate transition with an eight-layer periodicity which was observed in [2]. This
structure does not possess a net magnetic moment along the c axis as the period extends
over an even number of atomic layers and should therefore not lead to an enhancement
of the susceptibility measured with the field in the ¢ direction. This is in accord with the
results for y' which in fact show extremely low values, lower than that of ¥’ for the
basal plane, for temperatures between 25 K and 7. Anomalously low values of the
magnetisation in this temperature range is also present in earlier investigations [6, 7].
The ‘squaring-up’ of the c axis moments may also contribute to the low value of y'. Ina
field applied parallel to the basal plane the torque on the moments will become larger
as a result of the ‘squaring-up’, while the torque in a field along the ¢ direction will
decrease, leading to a lower susceptibility in this case.

The transition at 51 K to a commensurate structure with a seven-layer periodicity,
which carries a magnetic moment as the period extends over an odd number of atomic
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layers, is not detectable in y’, nor was it observed in the earlier magnetisation results
(6, 7]. This transition is, however, so close in temperature to the basal plane ordering
transition that it may be masked by the dramatic increase in x’ at the later transition.

The sharp increase in ' at 52 K (figure 1(a)) shows a ferromagnetic-like divergence.
It is also highly anisotropic with only a small peak in x' for the basal plane (figure 3(a)).
It is obvious that the occurrence of ordering of the moments in the basal plane strongly
modifies the magnetisation in the perpendicular direction. It is well known that there is
a significant onset of lattice expansion along the ¢ axis with decreasing temperature
concomitant with a gradual contraction along the basal plane to minimise the
magnetoelastic energy. Such redistribution of strains modifies the domain configuration
and the conduction electrons as well via the 4f ions during the lattice distortion.
Furthermore the magnetic ordering will introduce superzone boundaries with gaps at
the Fermi surface. These gaps will change the energy of the electrons as well as the
effective exchange interaction between the localised magnetic moments and hence
influence both the electrical and the magnetic properties along certain crystallographic
directions. This can be expected to be particularly pronounced for the magnetic tran-
sition at Ty in erbium with its two different types of antiferromagnetic ordering. Super-
zone effects modify in this case the shape of the resistivity curve so that the ¢ axis
resistivity shows a sharp break point at Ty while only weak changes appear in the basal
plane resistivii, [9]. Thisis to be compared with the situation for the susceptibility which
changes strongly in the ¢ axis direction but only slightly when the field is along the basal
plane. Superzone effects will certainly play an important role also for the susceptibility
changes at this transition.

4.3. The antiferromagnetic transition

While a peak is observed at Ty in )’ with the field parallel to the c axis, the effect of the
antiferromagnetic transition on the basal plane susceptibility is observable only as a
weak change in the slope of the y' curve (see inset to figure 4(a)). This anisotropic
behaviour is typical for antiferromagnetic transitions in magnetically uniaxial materials.
In this case, if the ordering takes place along the c axis, the susceptibility in this direction
will show a peak at Ty while the susceptibility with the field in the basal plane should be
virtually constant immediately below Ty.

The magnetic moment in the paramagnetic range obtained from our susceptibility
data (9.7 = 0.2)ug, is in accord with the theoretical value, 9.6ug, and a reported [4]
experimental determination of (9.9 + 0.2)ug. The paramagnetic Curie temperatures,
60 = 1 and 38 = 2 K, for the ¢ axis and the basal plane orientations, are also consistent
with the reported values [4] of 61.7 and 32.5 K.

4.4. Loss mechanisms

The non-zero value of y” comes from different kinds oflosses during the ACmagnetisation
process. Moreover, lattice distortion and the consequent changes in the exchange energy
at the intermediate spin transitions in erbium are rather large and anisotropic. This
results in a domain configuration which readjusts itself to minimise the magnetoelastic
energy at these transitions and manifests a non-zero y”, especially along the c axis.
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An obvious loss mechanism is due to eddy currents. For a paramagnetic mag-
netisation process the classical eddy current loss theory [10] can be applied. In this case,
for a cylinder of radius a, ' and " determined by eddy currents are

X' =0~ (1+ x0)8*/48 (1)
and

X'=(1+x0)6%/8 @)
where y, is the DC susceptibility and 8 is a function of a and the skin depth s:

6=aV2/s (3)
s is determined by the resistivity p, x, and the frequency f:

s=5.03 x 102Vp/(1 + x,)f. 4)

Equations (1) and (2) are derived for 8 <1, a condition which is satisfied in the present
case.

A simple check of the validity of the classical eddy current model is to calculate y’
and x” at 100 K with the field along the c axis. Assuming a value of 0.56 4 m for the
resistivity along the basal plane [4], a value of 1.7 x 107 m for the average sample
radius, and an approximate value of 0.20 for y, from figure 1, equations (1)~(4) give
x' = 0.0074 for 1000 Hz, which is consistent with our observed experimental value of
0.0077. The decrease in y' relative to the DC susceptibilityis —0.6 x 1074, also consistent
with the invisible frequency dependence in the experimental results in figure 1. From
similar calculations for the spin configurations at 52 K, 28 K and 4.2 K, one obtains y" =
0.031, 0.021 and 0.019 respectively. These values are, however, larger by a factor of
2-3 than those observed experimentally (figure 1(b)). The decrease in x’ with increasing
frequency in figure 1(a) is also much larger than the calculated values. Similar results
are found for the data at the higher field and for the susceptibility with the field along
the basal plane. Hence the classical eddy current mechanism cannot alone explain
quantitatively the observed susceptibility behaviour.

The classical eddy current theory assumes a constant scalar susceptibility. In highly
anisotropic magnetically ordered materials such as erbium a tensor susceptibility has to
be introduced. Furthermore, because of the complex domain structure which readjusts
itself at each of the intermediate spin configurations, lateral eddy current losses around
the domain structure should be taken into account. Such additional contributions will,
however, only be second-order effects and cannot account for the observedlarge changes
in x"(7) at the 52 K transition. This suggests that contributions to x” from relaxation
effects may also have to be taken into account at the magnetic transitions in erbium. The
marked peak in ¥ below 20 K for 10 Hz (figure 1(b)) could be considered to indicate
this. The relaxation time is in this case of the order of 0.1s, which is of the same
magnitude as the time scale for domain wall displacements.

5. Conclusions

The low-field AC susceptibility measured along the ¢ axis shows maxima or other anom-
alies at 19K, 28 K, 34 K, 52 K and 85 K corresponding to the ferromagnetic, the 23-
layer commensurate, the 15-layer commensurate, the incommensurate helicoidal basal
plane ordering and the antiferromagnetic ¢ axis modulated to paramagnetic transitions,
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respectively. The transition to the eight-layer commensurate structure at 25 K, observed
calorimetrically on the same crystal, did not give rise to any maximum in the suscep-
tibility. On the contrary the c axis susceptibility has an anomalously low value between
25K and T¢ (19 K) compared with the basal plane susceptibility. The reason for this
might be that the eight-layer commensurate structure does not carry a net magnetic
moment in contrast to the other commensurate structures, thus leading to a lower
susceptibility.

The ¢ axis susceptibility shows a strong peak at the basal plane ordering transition at
52 K which is highly anisotropic with only a small peak in the basal plane susceptibility.
The occurrence of spin ordering in the basal plane seems to have a strong influence on
the magnetisation in the perpendicular direction. It is suggested that superzone gap
effects which have a strong influence on the changes in the resistivity at Ty may also be
important for the anisotropic susceptibility behaviour at this transition.

To account for the non-zero value of the imaginary part of the AC susceptibility,
possible contributions from loss mechanisms are discussed. It is concluded that normal
eddy current effects cannot alone explain the losses observed at the magnetic transitions,
but there will probably also be contributions to x(7) at the transitions from relaxation
effects. For a quantitative understanding of the losses due to changes in the spin con-
figurations at the magnetic transitions, detailed consideration of the changes in the
magnetoelastic energy and their concomitant effects on the conduction electrons via the
4f jons is, however, needed.
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