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Abstract. We have examined the magnetic phase diagram of single-crystal erbium in the
temperature range between 60 K and 90 K and in applied magnetic fields alongtie up

to 5.5 T using resistance versus temperature and magnetoresistance measuremeptsT The
phase diagram for that region is presented. We have observed a splitting of the longituéhal N
transition near 1.6 T. We have found a new phase with unknown structure in that portion of the
phase diagram created by the splitting of theeNtransition. We have also found a multicritical
point (P) at an applied field of 2.65 T and 71 K. A set of five magnetic phase lines appears to
meet at this multicritical point.

In holmium, a splitting of the Mel transition is observed with the field applied normal to the
c-axis [1,2]. This supports the prediction by Schuab and Mukamel [3] that a field applied
perpendicular to the spiral axis should introduce a new linearly polarized spin-density wave
phase for rare earth metals with ar= 4 order parameter (erbium is most likely described
by ann = 2 degrees of freedom order parameter as determined by &ieak{4]). However,
it has been observed that a field directed along the spiral axis in holmium also produces
a splitting of the Neel transition [2,5]. A field along the spiral axis does not reduce the
symmetry and therefore should not introduce new magnetic phases. However, Btuaher
[6, 7] suggest that competition between single-ion anisotropies and the anisotropy induced by
a magnetic field applied along the easy axis could produce a splitting oféaktinsition
for erbium. This splitting of the longitudinal &l temperature has been recently observed
by Terki et al [8] in a measurement of Ri/dT of erbium. We have undertaken a series of
experiments to verify that a field applied parallel to theaxis will produce a splitting of
the longitudinal Neel transition in erbium.

The c-axis erbium single crystal (12.0 mm 1.1 mm x 1.6 mm; mass, 0.1781 g)
was grown at Ames laboratory. Resistance measurements were performed using the
temperature and magnetic field controls of a SQUID Magnetometer (Quantum Design, Inc.,
San Diego, CA), with a Keithley 220 programmable constant current source and Keithley
181 nanovoltmeter as external devices. The resistance measurements were carried out
using the four-probe method. In order to construct our phase diagram, we performed 23
resistance versus temperature measurements at constant applied magnetic fields along the
c-axis between 0.0 and 5.5 T. The interval between individual data points in a single
resistance measurement is approximately 0.2 K. All of the measurements were taken
with the temperature increasing at a constant rate of 1.5 K minwe performed 23
magnetoresistance measurements at constant temperatures between 60 K and 90 K. The
interval between individual data points in our magnetoresistance measurements is 200 G. The
field was directed along the-axis and all measurements were taken with field increasing.

We have used resistance measurements to constructakis magnetic phase diagram
of erbium between 60 K and 90 K and a maximum applied magnetic field of 5.5 T. By
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Figure 1. The c-axis H-T phase diagram of erbium in the region from 60 K to 90 K and 0.0 to

5.5 T. Transitions are marked by filled circles. Dashed lines have been added to suggest transition
lines. Magnetic structures have been labelled using the results aftlah[9] and McMorrow

et al [10]. Regions with unknown structure have been labelled with Roman numerals.

tabulating the temperature and magnetic field at which each transition occurred, we are
able to construct thed—T phase diagram for erbium as shown in figure 1. We have
used the results of the previous neutron scattering studies oétlLah [9] and McMorrow
et al [10] to provide information concerning the magnetic structure in areas of the phase
diagram. Transitions are indicated by filled circles. Dashed lines have been added to suggest
transition lines. As the field is increased th@xis components of the magnetic moments
eventually align in the direction of the applied field. This relatively large transition is the
boundary between order and disorder and is indicated on the phase diagram in figure 1 by a
diagonally hatched line. According to neutron scattering studies [9, 10] this hatched line in
the phase diagram is the boundary between a phase with moments modulated longitudinally
along thec-axis and a cone structure. Theaxis modulated, the paramagnetic and the
2/7 spin-slip structures have been identified using the neutron diffraction studies of Lin
et al [9] and McMorrow et al [10]. The structure 2/7 indicates theaxis modulation
of this commensurate phase. The magnetic phases labelled with Roman numerals have
not been identified. We have observed a splitting of the longitudiréedl Kransition near
1.6 T that results in an enclosed region with an unknown magnetic structure. This new
magnetic phase is indicated on the phase diagram by Roman numeral I. Above the order—
disorder line, there are two other phases labelled by Roman numerals Il and Ill, which have
been labelled as ferromagnetic and incommensurate in previous phase diagrams [9, 10]. The
magnetic structure in these regions is unknown and should be determined by further neutron
diffraction studies.

In erbium, there is only a single longitudinakll transition up to a-axis applied field
of approximately 1.7 T. The-axis resistance versus temperature with a constant applied
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Figure 2. (a) Thec-axis resistance versus temperature for a constant applied magnetic field of
2.30 T. The slope is included (inset). (b) Th@xis resistance versus temperature for a constant
applied magnetic field of 2.50 T. The slope is included (inset).

field of 2.30 T is shown in figure 2(a). The inset of figure 2(a) is the slope of the resistance
versus temperature measurement. By reviewing the slope, it is apparent that a transition is
evident at 74.1 K as well as the longitudinaé®l transition at 80.1 K. This transition at

74.1 K is difficult to detect due to its proximity to the longitudinaé® transition and we

are unable to observe this transition below 1.7 T. However, by extrapolating from the data
above 1.7 T, we can estimate that the splitting of tl&@Nransition occurs at approximately

1.6 T and 84 K. This is also the point at which the longitudin@eNtransition splits from the
order—disorder line. The temperature at which this smaller transition occurs decreases as the
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Figure 3. (a) Thec-axis resistance versus temperature for a constant applied magnetic field of
3.80 T. The slope is included (inset). (b) Th@xis resistance versus temperature for a constant
applied magnetic field of 4.80 T. The slope is included (inset).

field is increased. Figure 2(b) shows the resistance versus temperature for a constant applied
c-axis magnetic field of 2.50 T. Theé¥¢l transition is easily observed on the resistance plot

at 75.6 K. The smaller transition can be observed on the slope (inset of figure 2(b)) at
71.3 K.

The transition that corresponds to théeé\lsplitting, discussed in the previous paragraph,
crosses the order—disorder line at 71 K and 2.65 T and continues to decrease in temperature
with higher field. This multicritical point has been labelled on the phase diagram by the
letter P. Figure 3(a) and (b) shows the resistance versus temperature at the applied fields of
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Figure 4. (a) Thec-axis magnetoresistance at a constant temperature of 61 K. The slope is
included (inset). (b) The-axis magnetoresistance at a constant temperature of 64 K. The slope
is included (inset).

3.80 T and 4.80 T respectively. Two transitions are indicated in figure 3(a). The transition at
55.3 K is the continuation of the splitting of the longitudinae transition above the order—
disorder line. The second transition is the longitudingéeNtemperature and is clearly seen

on the slope (inset) at a temperature of 73.3 K. These transitions continue to have a strong
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field dependence. As theaxis applied field is increased, the temperature interval between
these two transitions also increases. Figure 3(b) shows the resistance versus temperature
for an applied field of 4.8 T. The two transitions occur at 49.1 K and 78.6 K respectively.
Above 2 T, the Nel transition decreases in temperature, until approximately 3.75 T where

it begins to increase in temperature. The point where this reversal occurs can be seen on
the phase diagram in figure 1 at abdilit~ 3.8 T andT ~ 73 K. The strange profile in

figure 1 between phase Il and the paramagnetic phase suggests that there may be another
phase transition line joining at the point Bt~ 3.8 T andT ~ 73 K. We have looked for

such a transition line but have not observed it in our studies yet.

The magnetoresistance at a constant temperature of 61.0 K is shown in figure 4(a). The
large transition at 2.47 T is the order—disorder transition. The second transition at 3.53 T is
the continuation of the longitudinal@&¢l splitting as observed previously. These transitions
can also be observed on the slope (inset). The resistance vessts applied field at a
constant temperature of 64.0 K is shown in figure 4(b). The two transitions have moved
closer together in temperature and eventually will merge at 71 K at the multicritical point
(P) on the phase diagram in figure 1. There is also a much smaller transition indicated in
figure 4(a) and (b), at the magnetic fields of 1.30 and 1.38 T respectively, that corresponds to
the boundary between the 2/7 phase and the incommensurate phase. Although this transition
is difficult to observe in magnetoresistance measurements, it has been observed previously
by Lin et al [9].

We have used resistance and magnetoresistance measurements to constratishe
magnetic phase diagram of erbium between 60 K and 90 K and up to an applied magnetic
field of 5.5 T presented in figure 1. We have found a multicritical point at an applied
field of 2.65 T and 71 K. We have observed a splitting of the longitudirééINransition
that results in an enclosed region in the-T phase diagram with an unknown magnetic
structure. Thec-axis modulated, the paramagnetic and the 2/7 spin-slip structures have
been identified using the results of neutron studies bydtial [9] and McMorrow et al
[10]. The magnetic phases labelled with Roman numerals are not known. A new magnetic
phase has been created by the splitting of tléeINransition and is indicated on the phase
diagram by Roman numeral |. Above the order—disorder line, there are two other phases
labelled by Roman numerals Il and Ill, which have been labelled as ferromagnetic and
incommensurate in the previous phase diagrams ofLia [9] and McMorrowet al [10].

The magnetic structure in these regions is unknown and should be determined by further
neutron diffraction studies.
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