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Abstract, Commensurate spin slip structures were observed by Gibbs e ! in x-ray scattering
studies, We have observed magmetic transitions in macroscopic measurements of magnetization,
AC susceptibility, electrical resistivity, and thermal expansivity along the three crystal axes of
single-crystal erbium that correspond to these spin slip structures. Our measurements show
antiferromagnetic ordering of the ¢ axis and basal plare componants at Ty = 89 K and
Ty = 53 K, respectively, as well as ferromagnetic ordering along the ¢ axis below 18 K.
In addition, we abserve anomalies at 27, 29, 34, 40 and 51 K., These anomalies correspond well
with previous stndies. The order of these transitions can be determined using thermal expansion
data. We observe anomalies at 21.6 K and 23.3 K that we believe comespond to basal plane
reordering in the 2(44) magnetic phase. There are also anomalics above Ty suggesting a short-
range ordering of the basal plane moments. We have analysed the resistivity versus temperature
plot in the ferromagnetic region to determine the temperature dependence and the spin wave
activation energy along the b and ¢ axes.

1. Introduction

In zero applied magnetic field, erbium undergoes a series of transitions into long-range
commensurate magnetic structure as the temperature is Jowered from the Néel temperature
at 89 X. In this paper, we will present our observations of these magnetic phase transitions
in single-crystal erbium. Erbium is a rare earth metal that forms a hexagonal close-packed
structure with two layers per chemical unit cell and 2 magpetic moment of 9uy per atom.
The f shell electrons are spatially localized and are responisible for the complex magnetic
structure. The 4f orbitals do not interact directly but instead through the polarization of
the conduction electrons or RKKY interaction. This interaction is long range and oscillatory
and gives rise to the periodic spin structures observed in rare earth metals. The magnetic
structure of erbium is complex and is described in several neutron and x-ray diffraction
studies [2-12]. The magnetic structure of erbium was first studied by Cable et al [2] using
neutron diffraction. In their study they identified three distinctly ordered states in erbium.
Below the Néel temperature Ty of 89 K, the ¢ axis moment orders antiferromagnetically in
a sinusoidally modulated structure with a periodicity of approximately seven atomic layers.
There exists a second Néel temperature Ty at 53 K, below which the basal plane momenis
order with the same wave vector as the ¢ axis, At this temperature, erbium becomes a
helical structure with a specific turn angle between successive spins in the basal plane and a
sinusoidal modulation along the ¢ axis. As the terperature is lowered, the ¢ axis wavevector
and the turn angle decrease monotonically. Eventually, the ¢ axis moment begins to lose its
sinusoidal modulation and ‘square up’ as indicated by odd harmonics observed in several
neutron diffraction studies, until 25 K, when erbium makes a transition into an alternating
cone structure. Below the Curie temperature of 18 K, erbium orders ferromagnetically into
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a conical structare along the ¢ axis. The magnetic structure of erbium has been enumerated
further in a synchrotron x-ray scattering study by Gibbs er al [1]. In their study, erbium
exhibits a sequence of {ock-in transitions to rational wave vectors. At certain temperatures,
the turn angle attains values that make the magnetic structure commensurate with the lattice.
These commensurate structures have been described by Gibbs et 4l [1] using a spin slip
model. In their model, erbium orders antiferromagnetically with the magnetic moments
along the ¢ axis in four atomic planes ordered either paralle] or antiparallel to the ¢ axis. The
basal plane moments are spirally ordered with the same modulation as the ¢ axis. In some
instances, four atomic planes may be replaced with three atomic planes. This is referred to
as spin slip. In table 1, we have adopted the notation of Gibbs et af [1] and Cowley and
Jensen [8). The wavevector 2/7 indicates the basal plane moments rotate by 2 every seven
atomic planes. The notation (43) indicates that the ¢ axis moment is ordered in four atomic
planes along the ¢ axis and in three atomic planes along the negative ¢ axis. This particular
ferrimagnetic structure would possess a relatively large net ¢ axis moment. The 3/11 or
(443) structure indicates a spin slip every 11 atomic planes; however, the whole structure
is ordered antiferromagnetically. Because the hexagonal close-packed structure contains
two inequivalent sublattices, this commensurate structure should be described as (443443)
or 2(443), with the net ¢ axis moment being relatively small. All of these commensurate
structures can be observed in measurements of magnetization, AC susceptibility, resistivity,
and thermal expansion. It can easily be seen from the graph of ¢ axis AC susceptibility
that commensurate structures with a net ferrimagnetic moment, such as 2(43) and 2(4443),
appear as sharp peaks in the magnetization versus temperature plots. Those commensurate
structures without a net magnetic moment, such as 2(443) and 2(44443), will appear as
relatively small peaks and will be difficult to observe. Those spin slip structures with a
net magnetic moment are stable and lock in to a rational wave vector. These regions are
approximately 3 K wide and are separated by incommensurate regions, until 29 X, below
which only commensurate regions exist.

Table 1. Commensurate spin slip structures in single crystal erbium, The wavevectors q and
the corresponding spin slip structures are taken from the articles by Gibbs eral [1] and Cowley
and Jensen [8]. Column three shows the temperatures in our magnetization and AC susceptibility
data corresponding to the respective spin slip structures, Column foor reports the order of these
transitions as determined from our thermal expansion data. An asterisk indicates that we are
unable to determine this information from our data,

q Structure Temperature (K) Order of transition

5/21 ferromagnetic Te == 18 first order

1/4 2(44) 18-25 *

&23 2(444443) 25.5-28.5 first order

519 2(44443) 29 ®

4/15 2(4443) 32.5-35.5 *

i (443} 40 *

2 2(43) 49.5-52.5 first order
Tl =53 weak first onder
Ty =89 second order

2. Experimental details

The erbium single crystal (4.4 mm x 3.3 mm x 5.0 mm} was grown at Ames Laboratory.
The magnetization measurements were performed using a SQUID Magnetometer (Quantum
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Design, Inc., San Diego, CA) with an applied field of 100 G. Thermal expansion
measurements were performed using the capacitance dilatometer method. The AcC
susceptibility measurements were carried out using the mutual inductance method in an
RMS field of 1.5 G. Resistivity measurements were also performed using the temperature
and magnetic field control of the SQUID, with a Keithley 220 programmable current source
and Keithley 181 nanovoltmeter as external devices. Two longer & axis and ¢ axis crystals
were used for resistivity measurements only (¢ axis, 12.0 mm x 1.1 mm x 1.6 mm; & axis,
10.8 mmx 1.2 mmx 1.7 mm). All measurements covered a range of 10-100 K to include the
Néel temperature. All measurements were taken with the temperature increasing to avoid
hysteresis effects. Measurements were reproduced for all three axes, except resistivity
measurements (& and ¢ axes only), although only plots for two axes are presented here.

3. Results

The ¢ axis AC susceptiblity as a function of temperature is shown in figure 1(a) in the
temperature range of 10-100 K. We observe the Curie temperature T at 19.2 K and
the basal plane and longitudinal Née] temperatures, Ty and Ty, atf 52.53 K and 87.9 K
respectively. We find spin slip transitions at 26.6, 28.5, 29.7, 35.8, 43.0 and 51.0 K. Those
commensurate spin slip structures with a net magnetic moment, such as 2(43), 2(4443) and
2(444443), are stable over a temperature range of approximately 3 K and appear as sharp
peaks on the AC susceptibility versus temperature plot. All transitions listed in table 1 can
be observed in the ¢ axis AC susceptibility; however, spin slip structures without a net
ferromagnetic moment are difficult to observe, Figure 1{b) and (c) is the expanded regions
around 29 K and 42 K, showing the 2(44443) and 2(443) spin slip structures respectively.
These spin slip structures appear to be stable over a much shorter temperature range and
due to their relatively small net magnetic moment, manifest themselves as small changes
in the slope of the AC susceptibility plot. Table 2 lists the transition temperatures for the
various measurements.

Fable 2. The temperatures in kelvin where we find the anomalies in various measurements that
correspond to spin slip, Curie, and Néel transitions in single-crystal erbium. T, and T are the
temperatures at which we find the anomalies in the 2(44) alternating cone phase that we believe
correspond to a reordering of the basal plane moments. An asterisk indicates that we are unable
to determine this information from our data.

Measurement Te  To Tg 2(44) 20444443y 2(44443) 2(4443) 2(443) 2(43) TaL T

€ axis xac 192 220 236 266 285 297 358 43.0 510 525 '87.9
a axis xac 183 201 236 254 267 29.3 336 40.7 496 512 870
b axis xac 180 214 * 252 263 283 334 40.4 423 512 370
c axis M 195 # * * 26.8 29.1 34.4 41.7 513 ~ 87.4
b axis M 195 221 * * 26.9 293 34.7 41.8 51.9 541 875
a axis M 195 218 233 = 264 289 34.5 417 513 533 88¢
caxis AL/JL 193 218 232 * 257 28.0 * * 495 520 859
aaxis ALL 192 ¥ 29 256 278 * 41.7 493 521 861
baxis AL/L 192 217 233 * 256 283 * * 495 520 863
c axis p 19.0 220 2.0 * 258 * 36.0 3.8 498 520 863
b axis p 197 * * * 26.7 * * 42.1 492 516 8856

The inset of figure 1(a) shows the c axis AC susceptibility in the temperature range from
19 K to 25 K. There are two extremely small transitions at 22.0 K and 23.6 K, which are
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Figure 1. (a) The AC susceptibility (xac, in arbitrary units) of single-crystal Er in the temperature
range from 10 K to 100 K along the ¢ axis. The inset shows x4¢ versus temperature for the ¢
axis near 22 K. (b) xac versus temperature along the ¢ axis for Er near 30 K. () xac versus
temperature for Br along the ¢ axis near 42 K. Anomalies are indicated by arrows,

more easily observed on the derivative plot. These anomalies can also be observed on the
a axis susceptibility, # axis magnetization, and ¢ axis thermal expansion and resistivity,
although in certain measurements only the transition at 22.0 K is present. Table 2 contains
the temperatures at which these two anomalies, which we refer to as T, and Tj, are found.
These anomalies have been observed previously in a microcalorimetry study by Astrom et
al [14). There is some question as to whether these transitions represent a commensuration
with the lattice. The spin slip rational wavevectors follow the form g = n(dn — 1)~1¢*.
Therefore, the next spin slip should have the wavevector g = 7/27 for n = 7. By reviewing
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the wavevector data from Habenschuss ef al [10], we can see that this spin slip should occur
near 26 K. Therefore, these transitions are not the result of a spin slip commensuration. If
we look at table 1, we can see that these temperatures fall within the 2(44) magnetic phase.
Because neutron diffraction data have shown that the ¢ axis wavevector for this temperature
range is constant, we propose these transitions represent a reordering of the basal plane.
Cowley and Jensen [8] discuss a possible (3030) and (44) phase existing in the alternating
cone phase. However, this does not explain why there are two transitions in the 2(44)
magnetic phase instead of one. We are still unsure as to the nature of these transitions.
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Figure 2, (a) The AC suceptibility (xac, in arbitrary units) of single-crystal Er in the temperature
range from 5 K to 100 K along the @ axis. The inset shows xac versus temperature for the g
axis near 22 K. (b) xac versus temperature for Er along the a axis near 30 K. {c) xac versus
temperature for Er along the ¢ axis near 41 K.

The a axis AC susceptibility is presented in figure 2(a). The a axis susceptibility plot
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was produced with the AC field directed along the a axis. All of the peaks observed in the ¢
axis AC susceptibility can also be observed in the basal plane AcC susceptibility. We observe
the Curie temperature T at 18.3 K and the basal plane Néel temperature Ty at 51.2 K.
The longitudinal Néel temperature Tiy, although difficult to detect due to the slope of the
graph at that temperature, is found at 87.0 K, We observe spin slip anomalies at 25.4, 26.7,
29.3, 33.6, 40.7 and 49.6 K. Figure 2(b) and (c} shows the previously mentioned 2(44443)
and 2(443) spin slip structures, which are difficult to observe in the basal plane as well as
those for the ¢ axis for the same reasons as listed in the above paragraph. The transition
temperatures for the & axis AC susceptibility are listed in table 2 for completeness although
the plots are not presented in this paper due to space limitations. The inset of figure 2(a)
displays transitions at 20.1 K and 23.6 K, which were discussed previously for the ¢ axis
AC susceptibiiity.

By reviewing the AC susceptibility data, we can draw some conclusions concerning
the structure of the antiferromagnetic phase between Tc and Ty;. The basal plane spin
slip transitions occur at approximately the same temperatures as those for the ¢ axis. This
allows us to infer that the ¢ axis spin slips are responsible for the anomalies we observe
in the basal plane AC susceptibility. The net ferrimagnetic moment of the ¢ axis spin slips
produces transitions in the basal plane AC susceptibility plot due to the average angle that
the individual magnetic moments make with the basal plane. No other ordering process is
occurring in the basal plane that we can observe. At least, we can say that, if another ordering
process is occurring in the basal plane, it is insignificant compared to the contribution made
by the ¢ axis spin slips. We therefore propose that the ¢ axis modulation and the basal plane
modulation are locked together at zero applied field and differ only by a constant phase. This
is in agreement with Cowley and Jensen [8] and Eccleston and Palmer [12]. By examining
table I, we can state that, independent of the temperature contribution, the relative peak
heights for the spin slips with a net magnetic moment will be 1:(23/15):(23/7). The actual
peak heights decrease with increasing temperature and do not follow these ratios due to
the temperature contribution over this range. However, we can say that the ratios of the
peak heights for spin slip transitions that have a net ferrimagnetic moment (2(43), 2(4443)
and 2(444443)) are different for the ¢ axis and basal plane AC susceptibilities. Therefore,
the average angle that the individual magnetic moments make with the basal plane must be
changing with temperature. This was discussed in an x-ray study by Sanyal ¢t al [11].

The magnetization as a function of temperature for the ¢ axis is shown in figure 3{a).
The inset is the region around 42 K expanded to show the 2(443) spin slip ransition.
The double peaks observed on the AC susceptibility graph at 28 K and 52 K have merged
into single peaks due to the 100 G ¢ axis applied field we have used to conduct our
magnetization measurements, It is not completely cormrect to compare our magnetization
versus temperature results bere with our results for zero-field measurements. However, we
have made the assumption that the temperature at which cur magnetic transitions occur in
erbium will not change substantially for a 100 G applied field. Most spin slip transitions
can be observed. We see spin slip transitions at 26.8, 29.1, 34.4, 41.7 and 51.3 K. The
Curie temperature and longitudinal Néel temperature are observed at 19.5 K and 874 K
respectively. The basal plane Néel temperature cannot be resolved from the 2(43) spin slip
transition on our magnetization plot and so we assume it occurs at the same temperature of
513 K.

Figure 3(b) displays the b axis magnetization as a function of temperature with an
applied magnetic field of 100 G along the b axis. Although some of the spin slip transitions
are difficult to observe, most transitions can be seen by reviewing the derivative plot. We
can see spin slip transitions at 26.9, 29.3, 34.7, 41.8 and 51.9 K. The Curie and Néel
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Figure 3. (a) The magnetization (M) of single-crystal Er along the ¢ axis as a function of
temperature in a constant magnetic field of 100 G. The inset shows M against T for the ¢ axis
near 42 K. (b) The upper curve is the magnetization of Er along the b axis as a function of
temperature for a congtant magnetic field of 100 G. The lower curve is the slope of the b axis
M-T plot for Er.

temperatures occur at 19.5, 54.1 and 87.5 K. Near 53 K, the Ty, there are four peaks
where there should only be two, The first peak at 51.9 K is the spin slip transition 2(43)
and the second peak is the basal plane Néel temperature at 54.1 K. The other two peaks are
clearly identifiable from the derivative plot at temperatures of 55.5 K and 59.7 K. The peak
at 55.5 K may be spurious; however, the peak at 59.7 K is reproducible and also occurs in
the a axis magnetization as well as the basal plane thermal expansion plots. This may be
evidence of short-range ordering of the basal plane moments as discussed by Habenschuss et
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Figure 4, (2) Thermal expansivity (AL /L) relative to the copper cell as a function of temperature
along the ¢ axis of Er in the range from 5 K to 100 K. The inset is the derivative of the ¢ axis
thermal expansivity. (b) Thermal expansivity (AL/L) relative 10 the copper cell as a function
of temperaure along the a axis of Br in the range frem 5 K to 100 K. The inset is the derivative
of the a axis thermal expansivity.

al [10] and Eccleston and Palmer [12]. The g axis transition temperatures are also provided
in table 2. There is also a small transition 7, at 22.1 K, which corresponds to the reordering
of the basal plane for the 2(44) alternating cone phase as discussed previously.

In figure 4(a) we present the ¢ axis thermal expansivity (AL /L) with respect to the
copper cell as a function of temperature for the range from 5 K to 100 K. By reviewing the
thermal expansion graph, we can deduce the order of the various magnetic phase transitions.
The thermal expansivity derivative plot is inset in figure 4(a) to help clarify the order of
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transitions. A first-order change in the thermal expansivity will appear as a sharp peak in
the derivative plot. A second-order change in the thermal expansivity will appear as a step
in the derivative plot. The longitudinal Néel temperature at 85.9 K is obviously a second-
order transition, The Curie temperature of 19.3 K is a first-order transition. The spin slip
transitions 2(444443) at 25.7 K and 2(43) at 49.5 K both appear to be first order as well.
The transition at the basal plane Néel temperature of 52.0 K appears to be both a peak and
a discontinuity on the derivative plot. We will label this as a weak first-order transition.
These results agree with the resulis of Astrom and Benediktsson {13] but are contrary to the
results of Habenschuss ef al [10] and Genossar et al [15], who have determined that Ty
is & purely second-order ransition. From our data, it is impossible to determine the order
of the remaining spin slip transitions. We can identify two transitions in the 2(44) magnetic
phase, T, and T, discussed previously, at 21.8 K and 23.2 K. The order of these transitions
appears to be first order, which would agree with the microcalorimetry study by Astrom
and Benediktsson [13], although the resolution of our measurement is not high encugh to
be certain. Curiously, the 2(4443) transition, which is a relatively large transition on our
magnetization and susceptibility plots, is not apparent on our thermal expansion plots.

Figure 4(b} shows the a axis thermal expansivity (AL/L) relative to the copper cell asa
function of temperature. The thermal expansivity derivative plot is inset to figure 4(b). The
order of these magnetic phase transitions agrees with the order previously mentioned for the
¢ axis thermal expansion. We observe spin slip transitions at 25.6, 27.8, 41.7 and 49.3 K.
The Curie temperature and Néel temperatures occur at 19.2, 52.1 and 86.1 K respectively.
We also observe a transition at 58.6 K, above the Ty, that is reproducible in the basal plane
thermal expansion data and basal plane magnetization data. We are unsure of its origin,
although it may represent the short-range ordering of the basal plane moments as previously
mentioned for the basal plane magnetization versus temperature plot in figure 3(b). The &
axis thermal expansion transition temperatures are also provided in table 2.

The ¢ axis resistivity versus temperature graph is shown in figure 5(a). Resistivity values
are given relative to the value at 90 K. The derivative is also shown on the same plot. We
can identify spin slip transitions at 25.8, 36.0, 39.8 and 49.8 K. The Curie temperature is
19.0 K, while the Née} temperatures are at 52.0 K and 86.3 K. 'We also observe transifions
Ty and T3 at 22.0 K and 23.0 K.

The b axis resistivity versus tempetature graph is shown in figure 5(b). Again, resistivity
values are given relative to the value at 90 K. Transitions are difficult to identify on the
resistivity plot and therefore the derivative plot is also included. We observe spin slip
transitions at 26.7, 42.1 and 49.2 K. The Curie temperature is 19.7 K, while the Néel
temperatures are at 51.6 K and 88.6 K.

The resistivity against temperature dependence for various temperature regions is
markedly different for both the b axis and ¢ axis resistivity graphs. For a simple ferromagnet
at low temperatures the resistivity will have the form p = CT? For an anisotropic
ferromagnet below the Curie temperature, Makintosh [16] has predicted that the resistivity
will have the form p = T2 e{~2£/¥T} where A E represents the spin wave activation energy.
For magnetically ordered spiral structures such as erbium and holmium, the resistivity will
have the temperature dependence p = T*el~4&/*T) a5 piven by Taylor [17]. We have
found, however, that erbium obeys a T2 dependence in the ferromagnetic region, We
plotted resistivity versus 72 e 4E/%T) below the Curie temperature, varying AE until we
had a linear plot. Consequently, we obtained the spin wave activation energy for that
particular crystal axis. Por the ¢ axis, we found a value of AE/k of 106 K and for the
b axis, we found a value for AE/k of 14.8 K. Therefore, the resistivity for erbium in
the ferromagnetic region has a T2 dependence instead of the T* dependence given for a
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Figuare 5. (a) Resistivity (o) relative to the resistivity at 90 K {pgq) versus temperature for the
¢ axis of single-crystaf Er in the temperature range from 10 K to 100 K. The derivative of the
¢ axis resistivity versus temperature plot is also included. (b) Resistivity (p) relative to the
resistivity at 90 K (pg0) versus temperature for the b axis of single-crystal Er in the temperature
range from 10 K to 100 K. The derivative of the b axis resistivity versus temperature plot is
also included.

magnetically ordered spiral structure. The spin wave activation energies are different for the
¢ axis and basal plane directions as expected. The ¢ axis resistivity plot shows a negative
slope between the two Néel temperatures. The feature is attributed to the deformation of
the Fermi surface and the creation of superzone gaps caused by the magnetic order in the
helical antiferromagnetic phase below Ty [18].
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4. Conclusion

We can observe anomalies in AC susceptibility, magnetization, thermal expansion, and
resistivity for the ¢ axis and basal plane that correspond to spin slip structures observed in
previous x-ray and neutron diffraction studies. Based on thermal expansion measurements,
we have determined that the spin slip transitions at 27 K and 51 K are of first order, while the
Curie temperature and the Iongitudinal Néel temperature are second-order phase transitions.
The basal plane Néel temperature appears to be a weak first-order phase transition. In basal
plane magnetization and thermal expansion, we have observed anomalies above the Ty that
may indicate the short-range ordering of the basal plane moments as observed in neutron
diffraction studies. We have also observed anomalies in the basal plane susceptibility and
magnetization versus temperature plots at 21.6 K and 23.3 K that may correspond to a
reordering of the basal plane moments in the 2(44) magnetic phase. We have determined
the temperature dependence of the resistivity for erbium in the ferromagnetic phase and the
spin wave activation energy for the b axis and ¢ axis.
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