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Direct observation of double exchange in ferromagnetic La, 7Sr(3C003; by broadband ellipsometry
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We present results of our broadband ellipsometry measurements of the optical response of ferromagnetic
Lag7Srp3C00;. Our data show that the ferromagnetic transition is accompanied by a transfer of optical spectral
weight from an absorption band centered at 1.5 eV to a narrow component of the Drude-like peak. The associated
reduction of the intraband kinetic energy is significantly larger than kg7, confirming that the double exchange
plays a major role in the ferromagnetism of doped cobaltites. In conjunction with results of recent theoretical
studies, the temperature dependence of the Drude-like peak suggests that the double exchange is mediated by #,,

orbitals.
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Transition metal oxides with the perovskite structure are
well known for their spectacular electronic and magnetic
properties such as superconductivity in cuprates and colossal
magnetoresistance associated with the ferromagnetic transition
in hole doped manganites [1]. While consensus has been
reached that the ferromagnetism in the manganites is caused
by the double exchange (DE) mechanism mediated by e,
electrons, the origin of ferromagnetism in related pseudocubic
cobaltites La;_,Sr,Co0O3; (0.2 < x < 0.5), with comparable
values of the Curie temperature (7;) reaching up to 250 K,
is still being debated [2-8]. The physics of the cobaltites
is considerably complicated by a quasidegeneracy between
several spin states of a Co ion. This is caused by a competition
between the Hund’s rule coupling and the crystal field splitting
[9]. In this context, it is of high importance to find out whether
the cobaltites exhibit optical signatures of the DE comparable
to those observed in the manganites. Recall that the hallmark
of the DE mechanism in the manganites is a lowering of the
effective kinetic energy of charge carriers occurring upon the
transition from the paramagnetic (PM) to the ferromagnetic
(FM) state [10]. It manifests itself in the optical conductivity
as a transfer of spectral weight (SW) from a band at a finite
energy in the PM state to the Drude-like peak in the FM state
[11]. The band is due to the so-called wrong spin transition
(WST) [12—14] arising from hopping of carriers between sites
with misaligned spins [11-17].

In order to explore possible optical signatures of DE and
contribute to the clarification of the mechanism of ferromag-
netism in hole doped cobaltites, we have measured their optical
response as a function of temperature (7') using broadband
ellipsometry. The early optical study of doped cobaltites by
Tokura et al. [18] is limited to room temperature. We observed
the SW transfer between a WST band and the Drude-like peak
similar to the one reported in manganites. The fact that the
associated reduction of the intraband kinetic energy is signif-
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icantly larger than kg T, demonstrates that ferromagnetism in
cobaltites is indeed driven by a DE mechanism.

30 nm thin film of Lag7Sry3C00; (LSCO) was grown by
pulsed laser deposition (PLD) on 10 x 10 mm? substrates
(Lao‘7Sro_3) X (A10_65Ta0,35)03 (LSAT) []9] The samples
were annealed in situ at the deposition temperature of 650 °C
under 10 Torr oxygen pressure to decrease oxygen vacancy
concentration [19]. X-ray diffraction measurements confirmed
that the film is epitaxial, see the Supplemental Material (SM)
[20]. Broadband ellipsometry measurements were performed
using three ellipsometers: Woollam VASE ellipsometer (0.6—
6.5 eV), Woollam IR-VASE ellipsometer (0.08-0.65 eV),
and an in-house built ellipsometer for the far-infrared range
(0.01-0.08 eV) [21]. For each measured photon energy value,
the optical conductivity of the film was obtained from the
ellipsometric angles W and A using the model of coherent
interferences in a layer on a substrate. The optical response of
the substrate was measured on a bare substrate. In this way, the
optical response was obtained without extrapolations needed
for a Kramers-Kronig analysis used, e.g., in reflectivity data
analysis. The film thickness was determined using ellipsometry
and x-ray diffraction. The magnetic moments were measured
using a vibrating sample magnetometer.

The resulting spectra of the real part of the optical con-
ductivity o7 of LSCO deposited on LSAT are shown in
Fig. 1(a) for T =200 K close to T, = 205 K and for the
lowest T of our measurements (7 K). Figures 1(b) and
1(c) show all measured spectra on a magnified scale. The
values of oj(w) for energies lower than 0.01 eV were ob-
tained using extrapolations based on a Kramers-Kronig con-
sistent model introduced below. The corresponding spectra
of the PLD target were found to be very similar [20]. The
spectra of o) exhibit a Drude-like peak at low energies
and two absorption bands centered around 2.3 and 5.1 eV,
see Fig. 1(a). Based on the results of Ref. [22], we assign the
absorption band centered at 2.3 eV to the O 2 p to Co 3d charge
transfer transition. At low T, oy exhibits metallic behavior
with fairly high values of o(0) reaching ~ 8000 Q' cm™!
for T — O [see Fig. 1(b)], but even above T, ~ 200 K, the
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FIG. 1. The real part of the optical conductivity o(w) of
Lag7Srp3Co0; deposited on LSAT. (a) oy(w) at T =200 K~ T,
and at 7 K. (b) and (c) oy(w) for all measured temperatures on
a magnified scale. The inset of (b) shows the T dependencies of
p(0) = 1/07(0) and of the dc resistivity pq.. (d) and (e) Aoy (w,T) =
o(w,T) — o1(w,7 K).

low frequency response is still very metallic with high values
of 01(0) of ~ 3000 Q~'cm™!. The spectra do not exhibit
any signatures of Jahn-Teller localization (for details, see the
SM [20]), in agreement with results of Ref. [23]. The inset
of Fig. 1(b) displays the T dependencies of p(0) = 1/01(0)
and the directly measured dc resistivity pq.. The values of
p(0) agree within 30% with the resistivity measured on a
single crystal [24], which demonstrates that our thin film is
of high quality and indicates that its optical properties are
fairly close to the bulk ones. The magnitude of pq4. is by a
factor of about 1.4 larger than that of p(0) which is an effect
typically observed on thin films due to linear defects [12]. The
T dependencies of pg. and p(0) display a clear anomaly at
T. ~ 205 K similar to that of the single crystal [24], indicating
that double exchange should be considered as a plausible
mechanism for the magnetic ordering.

Next, we address in detail the T dependence of o;. Fig-
ures 1(d) and 1(e) show differential spectra Ao(w,T) =
o(w,T) —o1(w,7 K). With increasing temperature, Ao
strongly decreases below 0.1 eV and, on the contrary, a band is
formed with the maximum at ~1.5 eV. This is analogous to the
DE related SW redistribution occurring in manganites, where
the FM — PM transition is associated with a SW transfer from
the Drude peak to a band centered at 3.2 eV [12,13].
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FIG. 2. (a) Energy dependence of the quantity N.x(0,w,7 K) —
Nei(0,0,T) introduced in the text. (b) Temperature dependence
of the spectral weight Ne;(0,5 eV,T). (¢) T dependencies of the
low and high energy spectral weights N5F = Nx(0,0.3 eV) and
NHE = N.(0.3,5eV). Estimates for the background 7' dependencies
discussed in the text are shown as the dashed lines. (d) Absolute values
of the differences ANLE and ANJE between the spectral weights
and the corresponding background 7" dependencies together with the
square of the magnetization measured at B = 20 mT. All quantities
are normalized to their lowest temperature values.

We quantified the frequency and 7 dependence of the
optical SW in terms of the effective number of charge carriers
per unit cell N, defined as

ZmOV @H
Netr(@r,0n) = — ol(w)dw, )]

L

where my is the electron mass, V is unit cell volume, and e
is the electron charge. The quantity Neg(wy,wy) represents
an estimate for the number of charge carriers per unit cell
responsible for absorption between w; and wy . Figure 2(a) dis-
plays the energy dependence of the difference N (0,0,T =
7 K) — Negt(0,0,T) demonstrating that the SW between 0
and iwy = 5 eV is essentially temperature independent. Fig-
ure 2(b) confirms that the T dependence of N.(0,5 eV) is
very weak. Figures 1(b) and 1(c) show that the data exhibit an
isosbestic point (a point where o7 is almost 7" independent) at
hiw = 0.3 eV. Motivated by this finding, we plot in Fig. 2(c)
the T dependence of the low energy SW NLE, defined as
Ner(0, 0.3 €V), and that of the high energy SW N, defined
as Ng(0.3 eV,5 eV). Both quantities display a pronounced
anomaly at T =~ 200 K =~ T.. This finding demonstrates that a
part of the SW transfer between high and low energies is due
to the FM transition and implies that the onset of the FM order
is associated with a kinetic energy saving characteristic of the
DE mechanism.

The T dependencies of the SWs in Fig. 2(c) are, in addition
to the DE, influenced by a common narrowing of the Drude
peak due to the increase of the quasiparticle lifetime with
decreasing 7. We attempted to separate the two contribu-
tions by approximating the “normal” components of the T
dependencies with extrapolations based on fits of the high
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FIG. 3. Measured o(w) (dotted line), model spectrum (solid
green line), and contributions of individual terms in Eq. (2) for
T =7K (a)and for T = 220 K (b).

temperature segments using a background function [20]. In
Fig. 2(c) they are represented by the dashed lines. The esti-
mated magnitude of the DE related contribution N2F [see the
vertical arrows in Fig. 2(c)], is approximately 0.02. Figure 2(d)
displays the T dependencies of ANLE, ANHE (the SWs with
the background contributions subtracted) together with the T
dependence of M 2 where M is the measured magnetization.
The T dependencies are very similar which indicates that
the observed FM related SW changes are connected to the
energetics of the FM transition [10].

In order to obtain additional insight into the optical
response, we modeled the complex conductivity o(w) =
—i€gw[€e(w) — 1] using the Drude-Lorentz model of the di-
electric function

€w)y=1->"
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where the second and the third terms on the right side rep-
resent the Drude and the Lorentz contributions, respectively,
parameters wp ; and wy ; are plasma frequencies, yp, ; and
yL.x are broadening parameters, and wg; are frequencies of
the Lorentz terms. Figures 3(a) and 3(b) show the experimental
data and fits for 7 = 7 and 220 K > T, on a magnified scale.
The complete set of obtained parameter values can be found
in the SM [20]. It turns out that the interband transitions at
2.3 and 5.1 eV can be represented by only one Lorentz term
per transition. However, in order to obtain a reasonable fit of
the free carrier response, three Drude terms are required with
hyp =0.03, 0.17, and 1 eV at 7 K (0.07, 0.15, and 1 eV
at 220 K) and with the corresponding SWs proportional to
(hwp)* = 1.1, 1.5, and 14 eV? at 7 K (0.25, 1.0, and 14 eV?
at 220 K), respectively. It appears that only the two narrower
Drude terms change significantly with 7', whereas the broadest
Drude term is almost 7" independent.

This behavior can be qualitatively understood based on
results of a recent LDA+DMFT study [25], which indicates
that both e, and ,, bands cross the chemical potential. The e,
band has a large bandwidth and its quasiparticles are strongly
damped by correlations and the corresponding broadening of
the spectral function is about 0.6 €V. In contrast, the #,, band
has a relatively small bandwidth and its quasiparticles are

much less damped, with the broadening of about 0.04 eV. In
view of these results we suggest that the broadest Drude term
mainly corresponds to the response of the e, bands and the
two narrower Drude terms correspond to the response of the
t, bands. The SW of the broadest Drude term is about 5 times
higher than the sum of the SWs of the two narrower Drude
terms, which correlates with the large difference between the
predicted (e.g., in Ref. [25]) bandwidths of the two channels.
Note that in manganites at low temperature, the Drude peak
is also composed of a narrow and a broad component [14].
However, the components exhibit a similar and pronounced
temperature dependence, which suggests that they originate
from the same band. Relatively, the sum of the SWs of the two
narrower Drude terms increases by a factor of 2 when going
from 7, to the lowest temperature, which is comparable to the
twofold increase of the intraband SW occurring in manganites
[12]. The magnitude of the total SW transfer upon the FM
transition, Ng}s = 0.02, is approximately 7 times lower than
the one observed in manganites [12—-14], for details see the
SM [20]. This difference is presumably due to the narrow band-
width of the f,, bands compared to the e, bands in manganites.
The fact that below T, spectral weight Ngf is transferred only
to the narrow component of the Drude peak is consistent with
the DE mediated by 1,, electrons, as recently suggested [2,4].
The associated saving of the intraband kinetic energy AK =
312NDF JaZmg [20,26], where ag = 3.82 A is the pseudocubic
lattice parameter, is about 30 meV. Albeit smaller than in
manganites, this value is larger than kg7, =~ 17 meV, which
shows that the kinetic energy reduction plays an important role
in the mechanism of ferromagnetism in doped cobaltites.
Next, we address the origin and the properties of the 1.5 eV
band in Fig. 1(e). As discussed above, the T dependence of its
SW correlates with that of the narrow Drude peak, in a way
remarkably similar to that of the WST feature in manganites.
Based on this observation we suggest that the 1.5 eV band is
also a result of a WST. To clarify the nature of this WST, we
first consider, for the sake of simplicity, weakly coupled pairs
of Co sites with well defined spin states [27]. Examples of
corresponding WST from a Co* ion to a Co** ion are shown in
Fig. 4. The abbreviations IS and HS in the Co>* column [LS, IS,
and HS in the Co** column] stand for the intermediate (t25g e ;,)
and high spin (z5, e7) configurations of Co** [low (13, €9,
intermediate (7}, e;), and high spin (z3, e;) configurations
of Co**]. The WSTs, indicated by the long arrows, result in
excited states with one unpaired electron whose spin is oriented
antiparallel to those of other unpaired electrons at the same
site. Note that the optical process preserves the electron spin.
For comparison, the bottom panel of Fig. 4 shows the WST
between Mn** and Mn** occurring in manganites. Finally,
the energies EWST of the WST and the average values of the
magnetic moment p per transition metal site are given in the
second and the third columns, respectively. The energies have
been obtained using the Hund’s rule coupling Hamiltonian [28]

H=—Jy Z S;Sy, 3)
LU Al

where the sum runs over all pairs /,I’ of 3d orbitals, Jy is
the coupling constant, and S; is the spin operator for the
orbital /. Clearly the WST appears due to the presence of
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FIG. 4. Examples of wrong spin transitions, in the ionic limit,
between a Co*" site and Co*t site for various Co spin states.
Transition energy values EVST and the average magnetic moments
w per site computed for 30% hole doping. The lowest row shows the
corresponding situation in Lag 7Sry3;MnOs.

pairs of transition metal sites with misaligned spins. In the FM
phase, the complete alignment of spins allows for the coherent
transport of charge carriers. The WST is absent and the spectral
weight it had in the PM state is transferred to the Drude peak.
The corresponding lowering of the effective kinetic energy is
the essence of the DE mechanism. Note that the value of EWST
can be reduced with respect to that expected within the ionic
limit due to a partially itinerant character of charge carriers.
For manganites, this has been suggested to reduce the value of
EVST from 4.Jy to approximately 2Jy [15-17,29].

Importantly, in Fig. 4 EWST is approximately proportional
to u. Provided the values of Jy(Co) and Jy(Mn) are ap-
proximately the same, the values of EWST/u for LSCO and
LCMO can be expected to be similar. Indeed, for LSCO the
experimental values E) g, = 1.5 eV and p ~ 1.5 pup [3,20]
yield EVST /i = 1.0 eV /g, which is comparable to the value
of 0.8 eV/up for LSMO. The latter has been obtained using
El\}ésr\}o =3.2eV [12] and ursmo = 3.6 wg [30]. In the most
simple picture, the facts that E\g, is about one half of G0
and that puysco &~ 1.5 ug would point to the first row of Fig. 4.
Results of a recent x-ray study [2], however, indicate that
the Co ions are partially in the LS and partially in the HS
configuration, rather than in the IS one. This point of view is
supported by the LDA+DMEFT study [25], which argues that
the average occupations of HS-related and LS-related states are
approximately 30% and 70%, respectively [25]. This offers the
following qualitative picture of the DE in cobaltites: the DE is
connected to the HS states and meditated by the 1, electrons.
As aconsequence of the admixture of low spin states, EVST can
be expected to be considerably lower than 5Jy of the extreme
HS-HS case (shown in the fourth row in Fig. 4).

In summary, we have observed that the ferromagnetic tran-
sition in Lag 751 3Co0j3 is associated with a transfer of spectral
weight from an absorption band centered at 1.5 eV to a narrow
component of the Drude peak. Similarly to the manganites,
the band can be interpreted in terms of a wrong spin transition
involving Co sites with misaligned spins. Its energy is lower
than that of the corresponding band in manganites which is
consistent with a lower value of the ordered magnetic moment.
The fact that the FM influences only the narrow and relatively
weak component of the Drude peak, in conjunction with results
of a recent theoretical study [25], suggests that the double
exchange is mediated by #,, orbitals. The associated reduction
of the intraband kinetic energy is significantly larger than kg T,
confirming that the double exchange is indeed at the heart of
ferromagnetism in doped cobaltites.
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