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Low-Temperature Anomalies and Ferromagnetism ofEuB6
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Measurements of the specific heatCpsT d of single-crystalline EuB6 reveal that the magnetically
ordered ground state of this compound is reached via two consecutive phase transitions with onsets at
16 and 14 K, respectively. These transitions provoke a substantial change in the IR spectral range of
the electronic excitation spectrum as evidenced by measurements of the optical reflectivity over a wide
spectral range and at temperatures between 6 K and room temperature. The data analysis suggests that
the magnetic ordering of EuB6 inflicts a highly unusual alteration of its electronic excitation spectrum.
[S0031-9007(97)04851-5]

PACS numbers: 75.40.Cx, 78.20.–e, 75.30.Kz
g

h

g

l

e

e

t

d

o

g

ng
dif-

d
b-

s-
lat-

-

n-
n

ed
eri-

w
m
n-
ro
ds

ag-
on
r-
we
ls.
en
ri-

nts
en

s

EuB6 is a cubic compound with a unit cell that contain
the Eu cation in the center of the cube surrounded by ei
boron octahedra centered at the corners of the cube.
orders ferromagnetically at low temperatures [1,2] and t
Curie temperatureTC is found to be quite sensitive to
the chemical composition of the material. BelowTC the
electrical resistivity is drastically reduced and a very lar
negative magnetoresistance above and, even more
below the ferromagnetic transition of EuB6 was observed
[3]. In this Letter we report on the observation o
anomalies related with the magnetic ordering, in particu
in the temperature dependence of the specific heatCpsT d
and in the optical reflectivityRsv, Td. The CpsT d data
reveal the occurrence of at least two phase transitions
and belowTC ­ 16 K. The optical data reveal substantia
frequency shifts of a plasma edge feature inRsvd. With
decreasing temperature we first note a redshift aboveTC,
followed by a giant blueshift concomitant with the ons
of magnetic ordering.

These observations seem of general interest becaus
cent experimental and theoretical activities in solid sta
physics have been focused on the investigation and
understanding of very large changes of the electrical res
tivity r upon the application of an external magnetic fiel
Particularly intriguing is the case of a series of mangane
oxides with compositions La12xAExMnO3, where AE is
an alkaline earth element. It has long been known th
[4,5], for a limited range ofx, these materials undergo
a phase transition to a ferromagnetic state below ro
temperature, the Curie temperatureTC varying withx. It
was established that the temperature dependence of
resistivity r is of semiconducting character in the para
magnetic state with an abrupt change to metallic behav
upon the onset of the ferromagnetic order, revealed
reductions of the electrical resistivity by orders of ma
nitude. More recently it has been demonstrated that,
temperatures close to but belowTC, very large reductions
of r may also be achieved by external magnetic field
and the notion of colossal magnetoresistance has been
134 0031-9007y97y79(25)y5134(4)$10.00
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troduced [6]. Recent experiments [7] revealing a stro
dependence of the Curie temperature on the mass of
ferent oxygen isotopes16O and18O seem to support the
view that a fairly strong coupling between electrons an
the lattice is needed to fully describe the experimental o
servations [8,9]. For EuB6, substantial shifts ofTC may
be accomplished by applying external mechanical pre
sure [3] suggesting that, also in this case, the electron
tice coupling may be substantial.

The compounds RE31B6, where RE is a rare-earth ele
ment, are usually metals, LaB6 being a typical example
of this type of materials and claimed to be a superco
ductor below 0.122 K [10]. Less obvious is the situatio
for the hexaborides of the type AE21B6, with AE being
an alkaline-earth element. Although it might be expect
that these compounds are semiconductors, recent exp
ments have shown that the variation ofrsT d of SrB6 is
rather complicated, resulting in a metallic state at very lo
temperatures [11]. Band structure calculations confir
that the electronic excitation spectrum is extremely depe
dent on the dimensions of the Boron octahedra, with ze
or nonzero overlap of the valence and conduction ban
at theX point of the Brillouin zone [12]. For Eu21B6,
for some time claimed to be a semiconductor [13];rsT d
definitely reveals metallic behavior below 300 K [3].

The Curie temperature of EuB6 is an order of magnitude
smaller than those of the manganites and, while the m
netic moments in the hexaboride materials are localized
the Eu21 ions, they presumably are of more itinerant cha
acter in the manganites. In spite of these differences,
aimed at identifying common features of these materia
In particular, we searched for possible relations betwe
the magnetic ordering and the accompanying strong va
ations ofrsT d, as well as for indications of the role of the
crystal lattice in influencing these phenomena.

Both the specific heat and the optical measureme
were made on the same single crystalline specim
in the form of a platelet with dimensions of3.7 3

1.6 3 0.2 mm3 and 3.5 mg weight. The sample wa
© 1997 The American Physical Society
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extracted from a batch of crystals that were grown fro
Al flux, using EuB6 powder that was prepared by boro
thermal reduction of Eu2O3. Hexaboride samples grown
by this method have been shown to be of exception
quality with regard to both structure and chemical com
position [11]. The specific heat was measured with
thermal relaxation method between 0.07 and 19 K. T
optical reflectivity at various temperatures was measu
from the far infrared (FIR) to the ultraviolet part of the
spectrum. Details of the experimental setup have p
viously been described [11]. The optical conductivit
s1sv, T d was evaluated via the Kramers-Kronig transfo
mation of the reflectivity spectra. Recent measureme
of the electrical resistivityr in zero and nonzero mag-
netic field on samples obtained with the same preparat
technique confirmed the large reduction ofr below 16 K
in zero field and upon applying an external magnetic fie
in the same range of temperature [14].

In Fig. 1 we present theCpsT d data between 0.07 and
19 K. Although on a rough scale they are similar t
previously published results [5,6], they differ in som
important details. A small but distinct anomaly indicate
the onset of a transition at about 16 K, a feature inCpsT d
that has not been resolved in previous experiments.
much larger specific heat anomaly sets in at 14 K but t
maximumCp value is reached only at 10.5 K. A width o
a few kelvins of this dominant anomaly has been observ
in earlier measurements [15,16] and it seems to be
intrinsic feature of this transition. Our data indicate th
also in the range of 4 K yet another transition might occu
This feature is much more evident on plots with oth
scales but will be discussed in more detail elsewhere.
very low temperatures we identify the onset of a Schott
anomaly due to the splitting of the energy levels of151Eu
and153Eu nuclei in the internal magnetic field provided b
the ordered moments. The molar entropy involved in t
transitions up to 16 K is, to a very good approximatio
identical with R ln 8, the expected value for divalen
Eu ions.

FIG. 1. Temperature dependence of the specific heat of Eu6
between 0.07 and 19 K.
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Figure 2 presents the reflectivity spectra at several te
peratures above and belowTC, particularly emphasizing
the temperature variation of the steep drop inRsvd that
we interpret as a plasma edge type behavior. The plas
edge and the corresponding minimum inRsvd define the
so-called “screened” plasma frequency. With decreas
temperature this feature first shifts towards low freque
cies (redshift) aboveTC, followed by a substantial shift
towards higher frequencies (blueshift) at and belo
the ferromagnetic transition. This type of a solel
temperature-induced giant optical effect has, to o
knowledge, not been observed before. For comparis
we recall that in the La12xSrxMnO3 series, respectable
blueshifts of the plasma edge are obtained by increas
the Sr concentration thereby inducing an insulator
metal transition [17]. A similar, again doping induce
plasma edge shift has been observed in Sr142xCaxCu24O41
ladder compounds [18].

Figures 3(a) and 3(b) emphasize the spectral rang
around two excitations at 145 and850 cm21, respectively.
The mode at145 cm21 reveals an optical phonon due to th
relative motion between the Eu ions and the B octahed
its frequency scaling perfectly with the optical phono
found in SrB6 using simple reduced mass arguments [11
The mode at850 cm21 most likely originates in vibrations
of the B octahedra. Both modes are only weakly affect
by the magnetic transition atTC. The mode at145 cm21

does not change its frequency at all; the one at850 cm21

slightly shifts towards higher frequencies upon the ons
of magnetic order, implying at least some coupling o
electronic and lattice degrees of freedom.

The corresponding real parts1svd of the optical
conductivity in the FIR spectral range is displayed i
Fig. 4. We note a low frequency metallic component
the form of increasing conductivity asv tends to zero,

FIG. 2. Reflectivity Rsvd spectra of EuB6 in the FIR and
MIR spectral range at various temperatures between 6 a
300 K. The inset showsvpsT d andGsTd (see text).
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FIG. 3. Magnified parts of the reflectivityRsvd between (a) 0
and200 cm21 and (b) 800 and1000 cm21, respectively.

and the FIR optical phonon mode. The inset of Fig.
shows the completes1 spectrum at room temperature
also revealing the high frequency electronic interba
transitions [19].

For the analysis of the excitation spectra we model bo
Rsvd and s1svd using the classical Lorentz-Drude dis
persion theory [20]. In spite of its phenomenologic
character, this type of analysis is very instructive fo
distributing the total spectral weight among the vario
components and for establishing the temperature dep
dence of important parameters such as the unscree
plasma frequencyvp and the scattering rateG. De-
tails about the fit procedure will be presented and d
cussed elsewhere. At each temperature the spectrum
well reproduced by considering a Drude-type comp
nent due to itinerant charge carriers and five harmo
oscillators (HO) representing phonon modes and hi
5136
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FIG. 4. FIR optical conductivity between 0 and500 cm21 at
various temperatures. The inset shows the completes1svd
spectrum and 300 K.

frequency electronic interband transitions. For a fu
account of the signal of the metallic contribution in th
MIR-FIR spectral range, however, the simple Drude com
ponent has to be augmented by an additional HO c
tered at a frequency of100 cm21. The total number of
components was chosen to be the same at all temp
tures. The fitting procedures lead to numerically cons
tent results and distinct temperature dependences of
Drude parametersvp andG, as well as the mode strength
of the HO. The resonance frequencies and the cor
sponding damping parameters are almost temperature
dependent. Since the total spectral weight ofs1svd is
temperature independent, the distinct temperature dep
dencies of bothRsvd ands1svd, particularly in the vicin-
ity of TC, are due to redistributions of spectral weigh
between the different components.

The temperature dependences ofvp and of G are
shown in the inset of Fig. 2. In spite of the redshift of th
plasma edge inRsvd with decreasing temperature abov
TC, vp slightly increases below 300 K. In addition to
spectral-weight redistribution from the FIR absorption
100 cm21 to interband transitions at approximately 120
and2500 cm21, a slight enhancement ofvp is necessary
to keep the quality of the fit to the experimentalRsvd
curve. Although the FIR reflectivity increases steadi
with decreasing temperature, the scattering rateG also
increases, displaying a broad maximum between 100
and TC. Below TC, vp first increases smoothly bu
then more steeply below the second transition at 14
reaching a constant value around 8 K. The sharp decre
of G below TC is expected because of the reduced sp
flip scattering. The giant plasma edge shift belowTC

is the result of an almost complete weight shift from
the excitation at2500 cm21 to the modes at 100 and
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1200 cm21, and the Drude component, respectively,
feature whose interpretation is not obvious to us.

Of particular interest is the hidden broad absorpti
centered at approximately100 cm21 which leads to the
“nonsimple” Drude behavior in the FIR spectral rang
It occurs at all temperatures and gains in strength be
TC. There is no obvious reason to associate this m
with a phonon. The width of the mode also rules o
the possibility of a defect induced phonon excitatio
However, the interplay of a phonon mode with the plas
excitation of the itinerant charge carriers might lead
a collective plasmon-phonon mode. The observation
such a mode, usually occurring between the acoustic
the optical phonon branches, has previously been claim
for SmB6 [21]. A similar feature has recently bee
identified in SrB6 [11] at approximately40 cm21 and was
tentatively ascribed to some defect-induced excitation.
the present case the weight gain of this mode bel
TC is not a priori a favorable argument for this type o
explanation.

The charge dynamics spectra of EuB6 and of
La12xSrxMnO3 materials are quite different. The hug
transfer of spectral weight from high to lower frequenci
with decreasing temperature, as observed in the man
nites [22], is replaced by a more subtle redistributi
of mode strengths in the MIR spectral range for EuB6.
This might simply be the result of the difference
energy scales relevant for the electronic and magn
phenomena in the two types of materials. Common
both cases is the only qualitative scaling ofv2

p with the
square of the magnetizationMs representing the momen
polarization in the mean field approximation. This cou
indicate that also in EuB6 the dynamics of the magneti
moments affects the electronic excitations via mutu
strong coupling as was suggested for the case of
manganites [22].

The magnetic ordering in EuB6 is not of simple char-
acter and occurs via two consecutive transitions, invok
considerable changes in the electronic excitation spect
of this compound. BelowTC the unscreened plasm
frequency increases considerably, suggesting an incr
of the itinerant charge carrier concentration, a reduct
of their effective mass or a combination of the two, bo
driven by the onset of magnetic order. This feature
not expected considering the almost identical calcula
electronic structures in the paramagnetic and fer
magnetic state of EuB6, respectively [12], and therefore
additional interactions not included in band structu
calculations must play an important role. Resolving th
puzzle and explaining the above-mentioned spect
weight shift upon magnetic ordering seems to be
challenging task for the future.
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