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Abstract
We have studied the magnetic and optical properties of hexaboride Eu;_,Ca,Bg
for x = 0, 0.13, 0.25, 0.35, 0.54 and 1.0 from measurements of

dc magnetization and wide-range absolute reflectivity. The ferromagnetic
transition temperature 7, decreases with Ca-doping and is completely
suppressed when x exceeds 0.35. The Drude plasma frequency a)g also
decreases with x and disappears at the same composition. We have analysed
this correlation between T;. and a)g in terms of the RKKY theory. We have also
simulated optical spectra of Eu;_,Ca, B¢ using the effective medium theory and
compare them with the measured data. The results show that Eu;_,Ca,Bg is not
a composite of EuBg and CaBg but forms a homogeneous magnetic alloy.

1. Introduction

The rare-earth hexaboride compound EuBg has a long history as a prototypical metallic
ferromagnet [1]. The crystal structure is rather simple, where the Eu?>* ion and B4 octahedra
form a cubic unit cell. The dc resistivity shows metallic temperature dependence due to low
density (~10'" cm™3) carriers [1-3]. The Eu?* ions (S = 7/2) order ferromagnetically at
T. ~ 15 K [4, 5]. The ferromagnetism (FM) is closely related with conducting carriers,
as manifested by the large drop of resistivity at 7 < 7. [1], the change of resistivity
with magnetic field [2], and the significant blue shift of the reflectivity plasma edge below
T, [6]. Also T: is enhanced with external pressure, which Cooley et al interpreted in terms of
the Ruderman—Kittel-Kasuya—Yosida (RKKY) mechanism with Eu?" moments and the free
carriers [7]. Although the band structure of EuBy is controversial, recent theoretical calculation
and experiments support a semi-metallic band overlap at the X point of Brillouin zone [8-13].

4 Author to whom any correspondence should be addressed.
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Exchange interaction between these carriers and the local Eu 4f moment can lead to the carrier
mediated ferromagnetism of EuBg [7].

When Eu is replaced by Ca, both the metallic and magnetic behaviours of EuB¢ are
significantly changed [14-17]. In Eu;_,Ca,Bg, the Eu ions form a random magnetic lattice
due to the incorporation of non-magnetic Ca. One expects that the bulk 7, will be changed as a
result. Also the carrier density varies greatly, because although Ca is isovalent with Eu (= +2),
the semimetal band overlap can be affected by the substitution as discussed in [17]. We will
measure the changes of the two quantities with x and examine a possible correlation between
them. This will allow us to understand how the ferromagnetic transition depends on the charge
density in this EuBg based magnetic alloy.

In recent years, ferromagnetism in dilute magnetic semiconductors (DMSs) has been
studied intensively due to their potential application in new spin electronics devices. In
DMS, the magnetic ions are randomly incorporated into a semiconductor (such as Mn in
Ga;_,Mn,As) and they couple with charges in the host semiconductor through exchange
interaction [18]. This can lead to bulk ferromagnetism and spin polarized conduction.
There have been claims that 7, at room temperature or even higher can be obtained
experimentally [19, 20]. The primary parameters that determine 7. in such systems are
the concentration of magnetic ions, carrier density and the exchange coupling constant. In
Eu;_,Ca,Bg, Eu concentration and change in carrier density with x provide a chance to study
this issue.

2. Experiment

The single-crystal samples were synthesized by a boro-thermal method as described in detail
elsewhere [15, 16]. To determine the Eu content x, we measured the dc magnetization M (H)
of each sample until it saturates at high magnetic field H. The saturation value is proportional
to x, from which we find x = 0, 0.13, 0.25, 0.35, 0.54 and 1.0. To measure the magnetization,
we used a needle shaped crystal and a field was applied along the direction of the crystal to
minimize the demagnetization field. The magnetization measurements were performed using
a superconducting quantum interference device magnetometer. For the present optical study,
crystals from the same sample batches were used. The reflectance R(w) at a near-normal angle
of incidence was measured at 300 K in the 20-5000 cm ™! and 5000-50 000 cm ™! ranges using
a Fourier transform spectrometer with an in sifu overcoating technique [21], and a grating
spectrometer with a V-W method, respectively. The crystals were wedged by 2° to avoid
internal interference effect.

3. Data and result

Figure 1 shows M(T) of Eu;_,Ca, B¢ measured at an external field H = 100 Oe for T < 20 K.
In figure 1(a), samples with x = 0, 0.13 and 0.25 show a ferromagnetic transition at low
temperature. The Curie temperature is about 14.2 K at x = 0 if T, is taken from the inflection
point of the transition. As Ca is incorporated, 7 shifts substantially to lower temperature. With
a further increase of x to 0.35 (figure 1(b)), the FM disappears and M (T') shows a cusp at ~5 K,
indicating an antiferromagnetic (AFM) transition [16]. The cusp of M (T) shifts to lower T at
x =0.54.

In figure 2, we present optical reflectivity and conductivity spectra of Eu;_,Ca,Bg.
Figure 2(a) shows reflectivity R(w) over the wide energy range from far-infrared to ultraviolet
frequency taken at room temperature. The high level of R(w) at low energy (w < 1200 cm™! at
x = 0) shows the metallic response of the compounds. As x increases, the plasma edge shifts
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Figure 1. Dc magnetization M(T) of Eu;_,Ca,Bg. (a) Ferromagnetic transition at x = 0, 0.13
and 0.25 and (b) M(T') for x = 0.35 and 0.54. Data were measured at an applied field H = 100 Oe

in temperature warming mode.
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Figure 2. (a) Optical reflectivity of Eu;_,Ca,Bg (0 < x < 1) for a wide frequency range
20meV < w < 1 eV at T = 300 K. (b) Drude absorption in optical conductivity in the far-infrared

region.

to lower energy and the R(w) level decreases. Both observations indicate that the metallicity
is suppressed with the Ca-doping. At x = 0.35 and 0.54, R(w) shows behaviour typical of
insulating dielectric solids. The prominent peak at 200 cm™! represents an optical phonon
mode. In figure 2(b), optical conductivity, o (), which is obtained from the Kramers—Kronig
transformation of R(w) [17] is shown in the low frequency region. The sharp rise of o (w)
as w — 0 corresponds to the Drude conductivity of free carriers. The Drude spectral weight
represents the number density of the metallic carrier. As x increases, the Drude conductivity
decreases. At x > (.35, it is suppressed completely, which is consistent with the insulating

behaviour of dc resistivity”.
In figure 3, we plot the observed changes of 7, and the squared plasma frequency a)g

together. We estimated a)ﬁ by integrating the Drude conductivity, a)ﬁ = 120/m Ow° oy (w) dow,

5 The weak conductivity at far-infrared range is perhaps due to residual impurities in the samples.
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Figure 3. (a) Ferromagnetic transition temperature of Eu;_,Ca,Bg (x = 0, 0.13, 0.25, 0.35, 0.54).
For x = 0.35 and 0.54, the symbols (<>) indicate the kink of M(T) in figure 1(a). (b) Squared
plasma frequency a)g obtained from R(w) (see the text). a)g is converted into carrier density on the
right vertical axis.
where the cut-off frequency . for the integration was taken as 2000 cm~'. The phonon
contribution was subtracted from the sum. w} is given as w; = 4wne”/m* where n and m* are
the carrier density and the effective mass, respectively. The band structure calculation value
of m* is 0.25 [12]. We take this value of m™ to extract n from a)g for EuBg¢ and also for Ca-
doped Eu;_,Ca,B¢ assuming that m* does not change drastically. The n is shown on the right
vertical axis of figure 3(b). As T is reduced, n also decreases. When the density is completely
suppressed at x = 0.35, the magnetic phase shows the crossover from the FM to the AFM state.
This result shows clearly that the FM in Eu;_,Ca,Bg is correlated with the carrier density.

4. Analysis

4.1. RKKY analysis

The correlation between T, and n shows that the ferromagnetism is mediated by the free carrier.
In RKKY theory, T is given by [7]
n*J?
T. = —3m
kB EF

S(S+1) > F(2kery). (1)

Here n, kg (=37%n) and Ep (:hzké/Zm*) represent the free carrier density, the Fermi
wavevector and the Fermi energy, respectively. J is the local exchange energy between the
magnetic moment and free carrier. S = 7/2 is the Eu*>" spin and r; is the distance to the
magnetic ion on the ith site. F(x) is the oscillatory RKKY function, F(x) = (xcosx —
sinx)/x*. In Eu;_,Ca,Bg, the non-magnetic Ca does not contribute to F(x) and the F(x)
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Figure 4. Comparison of experimental 7. with theoretical RKKY results of Euj_yCa,B¢. The
shaded region represents the crossover from FM to AFM.

summation include only the Eu ions. To calculate T, we developed a computing algorithm to
simulate the random Eu/Ca occupation of Eu;_,Ca, B¢ and performed the summation of F(x)
over only the Eu sites. We used the measured n of figure 3(b) in equation (1). J is a fitting
parameter to be determined.

In figure 4, we compare the calculation result of 7, with the measured data. T, is taken
from the inflection point of the transition®. The RKKY 7T, shows a reasonable agreement
with the data when J = 0.08 eV was used. This value of J is consistent with 0.1 eV from
the homogeneous s—f model calculation by Korenblit [22]. The decrease of 7, with x comes
from two sources, the reduction of n and the decrease of Eu ion number. In an earlier paper,
we studied the origin of the n change in Eu;_,Ca,Bg with increasing x [17]. There, it was
shown that optical spectra of intra-band and inter-band transitions support the semi-metallic
band structure of EuB¢ where the conduction band and valence band overlap with each other.
The effect of Ca-doping was that the two electronic bands are modified in a direction where
the overlap decreases, in proportion with x, which results in the decrease in carrier density. At
x > 0.35, the bands are separated from each other and the compound becomes insulating. This
is consistent with the insulating behaviour of the measured dc resistivity at x > 0.35. In this
regime, the RKKY mechanism breaks down. Here the primary magnetic interaction is perhaps
the superexchange interaction among Eu 4f electrons which is antiferromagnetic. Such a state
can show the observed AFM behaviour at low T'.

4.2. Effective medium analysis

In a binary alloy, the two constitutes often show a phase segregation rather than an ideal
homogeneous solid solution, where micro-grains of them coexist as a random composite. In
Eu;_,Ca,Bg, the RKKY analysis we employed assumed that Eu and Ca occupy the R ion site of
the RBg unit cell at an atomic scale. If, instead, the two phases EuBg and CaBg were segregated
in small grains, the bulk 7, will be determined mostly by the grain size and density of EuBg.
It is thus necessary to check the micro-structure of Eu;_,Ca,Bg. Tools such as electron or x-
ray microscopy can probe directly the Eu/Ca distribution but as an alternative method we can
utilize our optical conductivity data to study this issue. If Eu;_,Ca,Bg is arandom composite of

6 The magnetic transition occurs in the broad temperature range and the error bar is used to show this range.
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Figure 5. Comparison of the experimental optical spectra of Euj_,Cay,Bg with predictions of the
effective medium theory. Top panel: Drude dielectric constant &1 (w). The inset shows the plasma
frequency obtained from the zero crossing €1 (wp) = 0. Middle panel: optical conductivity of the
infrared phonon peak in the far-infrared region. Bottom panel: interband transition spectrum in the
ultraviolet region.

a EuBg grain and a CaBg grain, the complex dielectric constant € (w) measured from experiment

is given by the effective medium approximation (EMA) as
a4 — & &p— &

(1 f)8a+28+f8;,+28_0' @

Here ¢, (w) and €, (w) represent the dielectric constant of EuB¢ and CaBg, respectively, and

f is the volume fraction of CaBg (=x). This relation holds when the wavelength of the incident

light is much larger than the size of the assumed grains. Using equation (2), we construct the

effective €(w) using the measured €,(w) and €,(w). In figure 5, the calculation results are

compared with the measured €(w) spectra of Eu;_,Ca,Bg in three different energy regions.

In the top panel, we plot the real part €;(w) in the low energy range. As w decreases, €;(w)

changes sign and increases (negatively) rapidly which reflects the Drude carrier response. From

the zero crossing of €(w), we obtain the (screened) plasma frequency wp, £1(w,) = 0. Note

that in both figures, @, decreases as Eu is replaced with Ca and eventually becomes insulating.

However, in the EMA result, the metal to insulator transition occurs at x = 0.7 (=2/3) which
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does not agree with x = 0.35 in the experiment. The middle panel shows an infrared phonon
peak in the FIR region. This mode is considered to come from the B¢ internal vibration. The
peak frequency is about 860 and 875 cm~! for EuB4 and CaBg, respectively. In the region of
intermediate x, the peak structure of EMA is clearly different from experiment: in the EMA
result, the spectrum consists of two peaks which can be considered as a superposition of the
peaks in EuBg and CaBg weighted by their compositions. In contrast, the experimental curve
shows a single peak shifting gradually from x = 0O to 1. This behaviour shows that the unit cell
is homogeneous over the entire crystal volume in Eu;_,Ca,Bg denying two lattice parameters
by EuBg and CaBg composites.

Similar behaviour is seen in the ultraviolet frequency range in the bottom panel. The
two peaks at 20000 cm~! < @ < 40000 cm™' represent the interband transition from the
valence band to the conduction band. The excitation frequencies are different in EuB¢ and
CaBg because the band energies are different as we discussed in [17]. In EMA, the peak
structure is again a weighted superposition of x = 0 and 1, whereas in experiment, each peak
shifts, preserving the two-peak structure. These observations of the plasma frequency, phonon
peak and the electronic interband transition show unequivocally that the EMA does not explain
the optical spectra of our samples. Therefore, it provides evidence that this system is not a
phase segregated composite of EuBg and CaBg clusters but an ideal homogeneous solid alloy.
It supports the idea that the magnetic behaviour of Eu;_,Ca,Bg is driven by a microscopic
mechanism such as the RKKY analysis we employed in a previous section. Also this system
can be a good model for studying the physics of random magnetic alloys, which is the subject
of intense interest in recent DMS research.

5. Summary

We have shown that the 7, change in Eu;_,Ca,Bg is correlated with the a)g change. This
correlation between 7, and a)g is understood in terms of the RKKY interaction. Also, from the
simulation of optical spectra of Eu;_,Ca,B¢ using the EMA and comparison with the measured
data, we find that our Eu;_,Ca, B¢ sample is not a composite of EuB¢ and CaB¢ but forms a
homogeneous magnetic alloy.
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