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Novel Thermal Effects at the First Order Magnetic Phase Transition in Erbium,
and a Comparison with Dysprosium
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In low temperature studies of ultrapure erbium (and dysprosium) we have discovered unusual thermal
effects at the first order magnetic transformation of erbiums>19 Kd. These include (1) superheating
(i.e., the metal is colder after heat has been added to it than before the heat pulse), (2) supercooling, and
(3) the existence of metastable intermediate phases during this phase transformation in erbium (four on
heating and two on cooling). In comparison, dysprosium exhibits both superheating and supercooling,
but no intermediate metastable phases are observed. Furthermore, none of these effects are observed in
less pure metals. [S0031-9007(97)03295-X]

PACS numbers: 75.30.Kz, 64.60.My, 65.40.+g, 75.50.Cc
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In spite of the fact that the magnetic and thermal prop
ties of erbium (and also dysprosium) have been extensiv
studied for about 40 years [1–7], recent measurement
ultrapure electrotransport purified lanthanide metals h
revealed some unique behaviors associated with the
order magnetic transition of erbiumsTc > 19 Kd. These
novel thermal effects include (1)the cooling of erbium
when heat has been added to itat the Curie point, i.e., su-
perheating; (2)the warming of erbium when heat is bein
removed from the sample,i.e., supercooling; and (3) the
observation of metastable intermediate phases during
first order magnetic phase transformation (four on heat
and two on cooling). The results of these new measu
ments are described below. In addition, we have compa
the behavior of erbium with those of dysprosium at its fi
order magnetic transitionsTc > 90 Kd.

The magnetic phase transitions in the heavy lanthani
were first observed about 40 years ago by Spedding
Legvold and their colleagues [1–4]. Since then, hundre
of papers have been published, e.g., see Refs. [5–7].
two developments in the past five years have made
possible to observe new thermal phenomena at the
order transitions of dysprosium [8] and erbium. The fi
was the availability of ultrahigh purity metals prepared
a combination of sublimation (at Ames) and solid sta
electrolysis (SSE) (at Birmingham) of the best routine
prepared Ames Laboratory rare earth metals [9]. T
second was the design and construction of a semiadiab
fully automated calorimeter with avery low mass addenda
to measure heat capacities from 3.5 to 350 K in 12 to 1
[10]. Although the low temperature heat capacity of SS
erbium had been measured from 1.5 to 80 K by us fo
years ago [11], we did not detect these thermal effe
because the mass of the earlier calorimeter was abo
times that of the newer calorimeter, and this mass mas
the delicate and weak anomalies.
0031-9007y97y78(22)y4281(4)$10.00
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The main reason for reexamining the heat capacity
erbium was to see if the superheating effect observed
dysprosium [8] also occurred in erbium, especially to see
the crystal structure change in dysprosium may have b
responsible for this thermal phenomenon. The high deg
of purity of polycrystalline dysprosium leads to quite a
unusual thermal effect [8]: the transformation procee
through the bulk of the material causing the temperat
to drop abruptly, i.e., during the heat pulse the ultrapu
dysprosium cools down as a result of adding heat. As
seen in the individual heat pulse measurements (Fig.
superheating also occurs in ultrapure erbium—as sho
in Fig. 1(b)—where the erbium sample initially warms t
19.03 K and then cools down to 18.87 K which is low
than the temperature (18.92 K) at which the heat pu
was started. Note that there is a natural temperature d
(increase) between the beginning and the end of the h
pulse due to the equilibrium heat exchange between
calorimeter and the surroundings (Fig. 1) and, hence,
resulting temperature drop is indeed larger (it approac
a total decrease of 0.15 K) after correcting for this dri
Normal heat pulses just below and just above the transit
are shown in Figs. 1(a) and 1(c), respectively.

It is known that the crystal structure of dysprosiu
changes from the normal close-packed hexagonal struc
to an orthorhombic (slightly distorted hexagonal) structu
upon cooling through the 90 K magnetic transformati
[12]. In contrast, no crystal structure change occurs
erbium at,19 K, but there is a large expansion of th
c-axis lattice parameter upon cooling through this tran
tion [13]. Clearly, the crystal structure change is not
necessary condition for the existence of the superhea
effect. However, in both materials there is a large chan
in at least one of the lattice parameters during these fi
order magnetic transformations: for erbium an expans
in the c axis of 0.36% upon cooling [13], with a sma
© 1997 The American Physical Society 4281



VOLUME 78, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 2 JUNE 1997

of erbium
FIG. 1. The time-temperature behavior during heat pulse measurements near the first order magnetic phase transition
for three successive heat pulses.
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contraction in the basal plane of,0.01% [14], while for
dysprosium (in terms of the low temperature orthorhom
lattice) a contraction of 0.48% alongb, and expansions o
0.22% alonga and 0.19% alongc [12], also upon cooling.

The heat capacity of SSE purified erbium from 3.5
100 K is shown in Fig. 2(a). For comparison, that of S
purified dysprosium is shown in Fig. 2(b). The magne
behavior, and, hence, the heat capacity which is the s
of the electronic, lattice, and magnetic heat capacit
of erbium is more complex than that of dysprosiu
Two major second order transformations occur at,84 K
[paramagneticsPd to a c-axis modulated ferromagneti
(CAM)] and at ,52 K [CAM to a complex magnetic
structure-antiphase domain1 cone1 helix (APD)]; and
a first order transition is observed at,19 K [APD to
a ferromagnetic cone1 helix (FC)], plus several spin
slip transitions [the most obvious one, Fig. 2(a), occ
at ,25 K]. In comparison, dysprosium exhibits a seco
order transformation at,180 K [P to antiferromagnetic
helical sHd] and a first order transition at,90 K [H
(b).

4282
FIG. 2. The heat capacities of erbium from 3.5 to 100 K (a) and dysprosium from 3.5 to 350 K
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to ferromagneticsFd]. We will be concerned with only
the first order transformations, and it is immediate
obvious that the,19 K erbium transition has a finite
width, while the 90 K dysprosium transition is infinitely
narrow. In fact, ultrapure Dy may be the only metalli
material in which the heat capacity in the vicinity of
first order phase transition behaves exactly as predic
by thermodynamic theory, i.e., it is infinite atT  Tc and
has no onsets below and above the transition [8].

Just as for the dysprosium, heating and cooling (tim
temperature) curves were taken to verify the existence
superheating and also supercooling in erbium. As se
in Fig. 3(a), superheating does indeed occur, but much
our surprise there are four drops in the temperature as
transformation occurs. This compares to just a single te
perature drop for dysprosium [Fig. 3(b)] suggesting th
as the erbium transforms from the low temperature F
phase, it goes through four intermediate metastable m
netic states before it forms the stable APD phase abo
19 K. Upon cooling, supercooling is observed on goin
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m (b).
FIG. 3. Time-temperature heating (a), (b) and cooling (c) curves for SSE erbium (a), (c) and SSE dysprosiu
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from the APD phase to the FC phase, but in this c
only two intermediate metastable magnetic structu
are clearly observed [Fig. 3(c)], while in dysprosiu
again no intermediate states are observed [8]. Th
measurements were repeated on a second SSE pu
erbium sample and nearly identical results were obtain
the main difference was that the heights of the pe
varied somewhat between the two runs, which we attrib
to the difference in the masses of the two samples
thus the difference in the ratios of the sample mass to
addenda mass of the calorimeter. The reproducibility
the time-temperature behavior was much better when
measurements were repeated using the same sampl
was impossible, however, to obtain two sets of data wh
matched exactly since warming (cooling) rates were
identical and, hence, the changes in the tempera
behavior occur at slightly different times compare
that shown in Figs. 3(a) and 3(c). On the contrary,
time-temperature behavior of ultra pure Dy [Fig. 3(
and Ref. [8] ] is exactly reproducible independent of t
warming (cooling) rates.

One will notice that the time span for the respective fi
order transformations is about 1 order of magnitude lar
for erbium than for dysprosium, even though the sam
sizes are about the sames,1 gd. This is consistent with
the breadth of the first order heat capacity peaks show
Figs. 2(a) and 2(b).

We have also examined routinely prepared Ames La
ratory (AL) erbium and dysprosium samples, which we
99.85 at. % pure (with 740 ppm atomic interstitial imp
rities) and 99.9 at. % pure (with 660 ppm atomic inte
stitial impurities), respectively. This compares with t
99.97 at. % pure (320 ppm atomic interstitial impuritie
SSE erbium [9], and 99.96 at. % (310 ppm atomic int
stitial impurities) SSE dysprosium [8]. No superheati
effects were observed during the heat capacity meas
ments for either AL metal; however, the heat pulses w
anomalous in the vicinity of the 19 K transition in erbiu
and 91 K transition in dysprosium, but the samples w
never colder after the heat pulse than before, in cont
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to the behavior shown in Fig. 1(b) for the SSE erbium
SSE dysprosium [8].

As shown in the heating and cooling time-temperatu
curves [Figs. 4(a) and 4(b), respectively] for the norm
AL erbium, there is little evidence, if any, for the exis
tence of these intermediate metastable phases, altho
knowing what we have observed on the SSE erbium, o
might consider that the small peak in the cooling curve
90 sec [Fig. 4(b)] would be evidence for such a phase.

Although we obtained experimental evidence that sup
heating and supercooling in ultrapure erbium and dysp
sium occurs during the first order magnetic phase transit
without or with (respectively) a crystal structure chang
it has been noted earlier that magnetoelastic interacti
have a strong effect on equilibrium properties of the la
thanide metals, and that the first order phase transition
dysprosium is, in fact, driven by the magnetoelastic e
ergy [15]. Furthermore, it has been experimentally sho
that upon lowering the temperature, the increased mag
toelastic strain in the lattice causes the loss of long ran
magnetic order and ultimately leads to ferromagnetic tra
sitions [16].

The existence of metastable intermediate phases du
the first order transition of erbium is not too surprising co
sidering the number of complex magnetic phases that
ist, including the various spin-slip transitions in additio
to the three main magnetically ordered structures, wh
are rather exotic. Thus it is not unreasonable that as
antiphase domain1 cone1 helix phase transforms to the
ferromagnetic cone1 helix magnetic structure on cooling
the transformation would proceed through two interme
ate structures [Fig. 3(c)]. Also, the reverse pathway fro
the low temperature phase to the high temperature one d
not necessarily need to be the same, and so the exist
of four intermediate magnetic structures is plausible.

The absence of intermediate states during the first or
transition in dysprosium is probably due to the fact th
the magnetoelastic energy is much larger in the case
dysprosium compared to that in erbium and, hence, cry
and magnetic structure are strongly coupled. Furthermo
4283
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rbium.

4

FIG. 4. Time-temperature heating (a) and cooling (b) curves for routinely prepared high purity Ames Laboratory e
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both magnetic structures here are quite simple and the t
sition can proceed directly from one to the other witho
the need to form an intermediate metastable phase(s).
same is also true in the reverse direction.

The lack of any structure in the heating and cooli
curves of the standard AL erbium indicates that impurit
play an important role. As noted above, the magnetoe
tic strain is, most likely, the ultimate driving force for th
occurrence of the first order phase transitions in both
bium and dysprosium. And since the interstitial impuriti
produce strain fields in the crystal lattice, which intera
with the magnetoelastic strain, increasing the impurity c
tents will have an increasingly larger effect on the net m
netoelastic strain in the metal. In the purer SSE erbiu
the low concentration of impurity strain fields allows on
metastable structure to transform completely to anot
one over a short time/temperature interval, allowing us
detect their presence. But in the AL erbium the prese
of a large number of impurity strain fields may either pr
vent a phase from forming or, more likely, slow down t
transformation from one metastable state to another,
thus these metastable states tend to coexist and mas
any thermal effects as seen in Figs. 3(a) and 3(c).

The determination of the metastable magnetic structu
will present a difficult challenge to the experimental
because of the narrow temperature ranges (tenths
degree Kelvin) over which they exist. Furthermore, t
existence of these structures may very well be ti
dependent, and if so, long term neutron diffraction stud
may be out of the question.

Our studies have shown that both dysprosium and
bium are the first two materials in whichboth superheat-
ing and supercooling have been observed. We have
shown that the first order magnetic transition in erbiu
takes place via four intermediate metastable phases u
heating and only two such phases on cooling, but no in
mediate phases are found in the corresponding first o
phase transition in dysprosium. Furthermore, these t
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mal effects are observed in only ultrapure SSE purifi
lanthanide metals.
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