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Photoinduced giant magnetic polarons in EuTe
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Photoinduced magnetic polarons in EuTe, with a magnetic moment of several hundred Bohr magnetons, were
investigated as a function of pump intensity and temperature by pump-probe Faraday rotation. The quantum
efficiency for optical generation of magnetic polarons is found to be 0.09. The pump-intensity dependence of
the photoinduced Faraday rotation shows a sublinear increase, from which we deduce that the population of
photoexcited polarons is limited by a maximum value of 4.5x10'> cm™3. This is four orders of magnitude less
than the concentration of polarons that would completely fill the crystal, which suggests that the photoexcited
polarons are anchored by defects. In addition to the generation of polarons, at high pump densities the modulated
pump light also causes a small alternating heating of the illuminated region. The temperature dependence of
the polaron magnetic moment is well described by the Curie—Weiss law. Above 100 K, polarons are thermally

quenched with an activation energy of 11 meV.
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Optical manipulation of the magnetic state of matter is
a topic of current interest both from the fundamental point
of view as well as due to its high relevance in respect
to technological applications [1]. Magnetic semiconductors
represent a family of materials with a huge potential for fast
optomagnetism [2—4], yet they remain largely unexplored
in respect to optical manipulation of their magnetic state.
Europium telluride is an intrinsic magnetic semiconductor
of the face-centered cubic structure, where an europium
spin S = 7/2 is associated with every lattice site. EuTe is
an antiferromagnet with a Néel temperature of Ty = 9.6 K,
hence its equilibrium magnetization is zero. Recently it
was demonstrated that in EuTe light in resonance with the
band gap can generate magnetic polarons with a magnetic
moment of several hundred Bohr magnetons at temperatures
as high as 100-150 K [5-7]. A magnetic polaron consists of a
conduction-band electron localized in space by a photoexcited
hole and the attractive exchange field generated by the spins
of the europium atoms within the range of the electronic wave
function. Magnetic polarons have been widely studied in di-
luted magnetic semiconductors (see, for instance, Refs. [8,9]).
In intrinsic magnetic semiconductors, the theory of magnetic
polarons was first studied by Kasuya and Nagaev [10,11].
A variational approximation to describe magnetic polarons
is described in Ref. [12]. In Ref. [6], the more sophisticated
self-consistent field approximation was used, and the theory
was used to extract magnetic polaron parameters from the EuTe
low temperature photoluminescence, which was measured
as a function of applied magnetic field. It was found that,
for EuTe, the magnetic polaron is described by a sphere
of radius Rpy &~ 4 (in units of the EuTe lattice parameter),
which is nearly independent of temperature and field, and the
magnetic moment of the polaron is ~610up below the Néel
temperature [5,6]. Because of the giant magnetic moment
of a polaron, a modest magnetic field of a few tens of
mT leads to a full alignment of polarons, which opens the
prospect of using light to magnetize EuTe. To determine
how efficiently this light magnetization mechanism can be
exploited, here we investigate photoinduced magnetic polarons
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in EuTe as a function of pump intensity and temperature by
using pump-probe Faraday rotation.

The EuTe sample was grown by molecular beam epitaxy
(MBE) on a (111)-oriented BaF, substrate [13]. The thickness
of the EuTe epitaxial layer was dsample = 1.3 pm, and the
epitaxial layer was capped with BaF, to ensure total protection
of the EuTe surface from oxidation. The thickness of the
protective layer was 200 nm. BaF, is completely transparent in
the wavelength range used in this paper, therefore the thickness
of the protective layer is not critical for the present study. The
photoinduced Faraday rotation (PFR) was measured by using
a two-color pump-probe technique. The pump light source was
a frequency-doubled Nd: YAG laser (2.33 eV), focused on the
sample with a Gaussian profile of 150 um full width at half
maximum. The Faraday rotation probe was a semiconductor
laser of photon energy 1.86 eV. This photon energy is well
within the EuTe gap for any field and temperature used in
our measurements, so the probe is not absorbed. Therefore
it does not photoexcite any electron-hole pairs, and hence
it does not induce any magnetic polarons (the photoinduced
magnetic polaron excitation spectrum is given in Ref. [7]).
A magnetic field was applied normal to the surface of the
sample, which is parallel to the [111] crystalline direction.
The experiments were performed using a variable-temperature
optical cryostat containing a superconductive coil to generate a
magnetic field applied in the Faraday geometry. The pump was
modulated at 2.33 kHz using a chopper. The Faraday rotation
angle of the linearly polarized probe beam was measured by
using a polarization bridge containing a New Focus Nirvana
balanced detector coupled to a lock-in referenced to the
chopper frequency [14].

The Faraday rotation angle 6r of the light that crosses
a uniformly magnetized sample of thickness dsample can be
converted into its magnetization M by using [15]

O = VMdSamples (1)

where V is the Verdet constant. The Verdet constant at the
probe wavelength was determined from a measurement of
the Faraday rotation of the probe light, at 5 K, as a function
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FIG. 1. Faraday rotation by the bulk EuTe sample as a function
of the applied magnetic field at 7 =5 K and T = 50 K. The inset
shows the ratio of the internal magnetic field to the applied magnetic
field.

of the applied magnetic field. During this measurement the
pump light was switched off. To isolate the EuTe Faraday
rotation signal, the contribution coming from the cryostat
windows was subtracted. As expected, we found that the
photoinduced Faraday rotation is independent of the intensity
of the probe because the probe used is well within the
EuTe transparency-wavelength range. As shown in Fig. 1,
the Faraday rotation depends linearly on applied field B,
with a slope of m(T =5 K) = 8.6 mrad/T. At T =5 K the
magnetization is also linear in B,, with a slope of Mgsar/Bsar
[16], where Msar = nguptgs = 9.03%x10° A/mis the saturation
magnetization, where ng, = 4/a? is the concentration of Eu
atoms in the fcc lattice of parameter a = 6.6 A, UEy = gupS
is the magnetic moment of an Eu atom, g = 2 is the Eu?*
gyromagnetic factor, ppg is the Bohr magneton, and Bsar =
8.3 T is the saturation field in the Faraday geometry [16].
Hence the Verdet constant, for the probe wavelength A = 665
nm, is found to be

_ Bsarm(T = 5K)

dSample M SAT

1% = 0.061 rad/A. 2)

Being determined by the electronic energy structure, the
Verdet constant will remain approximately constant as a
function of temperature and magnetic field, as long as the
electronic energy structure and the band gap are not modified.
It is well known that the EuTe band gap changes when the
lattice spins are strongly polarized, but this requires magnetic
fields above 3 T at helium temperatures (see, for instance,
Figs. 4 and 5 in Ref. [17]), and proportionally larger fields
at higher temperatures. Because the magnetic fields used here
are modest in comparison, we can safely assume, to a good
approximation, that the Verdet constant is independent of
temperature and magnetic field for all the experimental results
presented here.

In addition to converting a Faraday rotation angle to
magnetization, the Verdet constant also allows us to determine
the internal magnetic field, which is smaller than the applied
one due to the demagnetization field. In the Faraday geometry
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FIG. 2. Photoinduced Faraday rotation (PFR) signal as a function
of the internal magnetic field at 7 = 5 K.

used, the demagnetization field within the epitaxial layer is
given by uoM [18], hence the internal magnetic field will be
given by

Biny = By — puoM. 3)

Substituting M from Eq. (1), and using 8 = m(T)B,, where
m(T) is the slope of the Faraday rotation angle as a function
of B, at a temperature T (see Fig. 1), then the ratio Biy /B,
will be given by

Bint m(T)
— =1l-p—-.
Ba dSample Vv

The ratio Biy/ B,, calculated by using Eq. (4), is plotted in the
inset of Fig. 1 as a function of temperature. The sharp downfall
of the Bjy/B, ratio in the vicinity of 10 K is because EuTe
is an antiferromagnet, therefore its temperature-dependent
magnetic susceptibility shows the characteristic cusp at the
Néel temperature (see, for instance, Ref. [19]). Therefore,
according to Eq. (3), the absolute value of the internal field
Bin is expected to show a corresponding downward cusp
at the Néel temperature, as indeed observed in the inset
of Fig. 1.

By using the results of the preceding preliminary analysis,
we can convert the measured photoinduced Faraday rotation,
as a function of applied magnetic field B, into photoinduced
magnetization as a function of the internal magnetic field
Bine. Figure 2 shows the photoinduced Faraday rotation signal
(PFR) at 5 K as a function of the internal field for a pump
intensity of 10 mW/cm?. The photoinduced Faraday rotation
angle was converted into magnetization by using the Verdet
constant determined above and assuming that the thickness
dp of the layer where magnetic polarons are photogenerated
is equal to the pump-light penetration depth 1/«, i.e., dpo =
é, where o = 10 um~! is the absorption coefficient at
the pump wavelength [17]. The photoinduced magnetization
scale obtained in this way is shown on the right-hand side
of Fig. 2.

The photoinduced Faraday rotation signal shown in Fig. 2
has all the characteristics expected for an ensemble of
photoexcited polarons. First, the signal shows a resonance

“
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when the energy of the pump photons meets the EuTe band
gap [7]. Second, the signal is zero at B = 0, because at
B = 0 there is no preferential direction in space, therefore
photoexcited magnetic polarons will point randomly, and the
net magnetic moment of the sample will remain zero. Third,
the photoinduced signal tends to saturate rapidly when a
magnetic field is applied, exactly as expected for magnetic
polarons of a large magnetic moment—several hundreds of
Bohr magnetons.

Assuming that the photoexcited polarons do not diffuse, the
saturation value of the photoinduced Faraday rotation seen in
Fig. 2, AGSAT = 0.12 prad, can be converted to an average
photoinduced magnetization

o AGSAT
(AMYSAT = Z—F_ — 2 2%107° Mgar. 5)
This value can be compared with the value expected for
photoinduced polarons

(AM)SAT = npofipo, (©6)

where ppo ~ 610up is the magnetic moment of a polaron at
5 K [5,6], and np, is the steady-state population of magnetic
polarons when the sample is illuminated with the pump
light. The inertial effective mass of a magnetic polaron has
been predicted to increase exponentially with the ratio of
the polaron radius and the lattice parameter, Rpo/a [20].
Because in our case this ratio is quite large, Rpo/a ~ 4 [6],
we expect the photoinduced magnetic polarons to be quite
heavy and immobile, and they therefore remain in the layer
penetrated by the pump light. In this case the steady-state
polaron population will be given by np, = G1y, where G is
the polaron average generation rate per unit volume within
the light penetration depth 1/a, G = x #=, p is the intensity
of the pump beam incident on the surface of the sample, x
is the quantum efficiency of polaron generation, hv is the
pump photon energy, and tp = 15 us is the polaron lifetime
at T =5 K [7]. All parameters determining (AM)5AT are
known, except for the quantum efficiency, so a comparison
of Egs. (5) and (6) yields the quantum efficiency x = 0.09.
This result is very reasonable and can be taken as further
evidence that photoinduced magnetic polarons are the source
of the photoinduced Faraday rotation signal observed.

By using the deduced quantum efficiency, the steady-state
polaron population is found to be npy = 3.6x10" cm~.
Therefore the average distance between polarons is estimated
to be d = 2(zﬁm)1/3 ~ 120a, where a is the EuTe lattice
parameter. Taking into account that the radius of a polaron
is Rpo ~ 4a [6], then the distance between polarons is two
orders of magnitude greater than the polaron radius, hence it
can be assumed that polarons are noninteracting.

Having firmly established that the photoinduced Faraday
rotation signal is due to optically generated magnetic polarons,
that these polarons are very distant from one another, and
knowing that the magnetic moment of a polaron equals several
hundreds of Bohr magnetons [5,6], we can conjecture that the
magnetization of a magnetic polaron ensemble will obey a
Langevin function, which describes a paramagnetic system
in the classical limit. In this hypothesis the magnetization
associated with a photoinduced magnetic polaron ensemble
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will be given by
(AM(B,T)) = npopol L(X), @)

where the Langevin function is given by

L(x) = coth (x) — l ®)
where x = ’j{""‘B Notice that, below the Néel temperature, the
magnetic moment of the polaron is known from photolumi-
nescence studies to be 610 [5,6], hence in that temperature
range there are no free parameters in Eq. (7). Nevertheless,
to test the validity of our Langevin conjecture, we have fitted
the photoinduced magnetization data taken at 7 = 5 K with
Eq. (7), whereby the polaron magnetic moment is the sole
adjustable parameter. The fitted curve is depicted by the solid
line in Fig. 2, yielding upo ~ 600up. This coincides almost
exactly with the known value, which demonstrates that the
magnetization of the photoinduced magnetic polaron ensemble
indeed follows a Langevin function.

Next we investigate the possibility of generating a higher
population of photoinduced polarons by increasing the pump
intensity. Figure 3(a) shows the dependence of the PFR as a
function of pump intensity for 7 = 5 K. As the pump intensity
is increased, a linear background appears, whose slope is
proportional to the pump intensity, suggesting a heating effect.
A temperature increase of the bulk by AT will cause a change
in its magnetization by

oM
AM = —AT. 9)
T

Here AM represents the change in magnetization due to
sample heating within the pump-light penetration depth
dpol = é, which from Eq. (1) is given by

A6
AM=E (10)
VdPol
Slmllarly, is also related to the bulk Faraday rotation,
oM 1 a0
= - (11)

T~ Vs 0T

At fields sufficiently large, when the polaron magnetization is
saturated, only a thermal effect can contribute to the slope of
AM. Therefore, substituting Egs. (10) and (11) in Eq. (9), and
resolving for AT, we get

dsample slope of Afr at high fields

AT = aa
dpol slope of S

; 12)

where the slope of 2= aT was taken from the inset of Fig. 3(c),
and the slope of Afr was taken from the high-field limit in
Figs. 3(a) and 3(b).

The temperature increase AT calculated from Eq. (12)
is shown as a function of the pump intensity in Fig. 3(d).
Our interpretation in terms of a heating effect is confirmed
by the photoinduced Faraday rotation curves as a function
of intensity, done at a temperature of 50 K [Fig. 3(b)].
Because for EuTe the Faraday rotation dependence has the
typical behavior of an antiferromagnet, with a maximum at
the Néel temperature [see Fig. 3(c)], the slope of the thermal
background seen in the PFR signal should change from positive
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FIG. 3. (a) Photoinduced Faraday rotation at 5 K and (b) at 50 K. (c) Faraday rotation by the bulk EuTe sample as a function of temperature
for various magnetic fields. (Notice that for our sample the observed Néel temperature is slightly larger than the accepted value of 9.6 K
for EuTe, in agreement with direct measurements reported in Ref. [13]). The slope of the dependance of d6r/9T on B is shown in the
inset. (d) The deduced temperature modulation of the illuminated region is shown as a function of the pump intensity for 7 =5 K and

T =50K.

to negative when we cross the Néel temperature. This is
exactly what we observe, as can be seen from Fig. 3(a) for
T = 5 K, where the thermal background has a positive slope,
and Fig. 3(b) for T = 50 K, where the slope of the background
signal is negative. The temperature modulation at 7 = 50 K
was found by using Eq. (12), and it is also shown in Fig. 3(d).
At 50 K the heating effect is smaller than at 5 K due to a
larger heat capacity of the EuTe crystal [21]. Another aspect
worthy of comment is that, upon closer inspection of Fig. 3(d),
the temperature modulation AT presents a slightly sublinear
dependence on pump intensity. This can be attributed to the fact
that, for a larger excitation power, the effective volume excited
by light increases, because the threshold excitation light
penetrates deeper into the sample. In this case, the temperature
increase for doubled excitation power will obviously be less
than doubled, which explains the sublinear behavior of AT on
the excitation power.

Having subtracted the linear thermal background from the
ABOF vs B curves, as deduced above, the saturation polaron
magnetization AT for every pump intensity was extracted
and it is plotted in Fig. 4. ABEAT increases sublinearly with
pump intensity, indicating that polarons are less and less
efficiently generated when the pump intensity is increased.

Taking into account that optical absorption leads to an
exponentially decreasing pump intensity below the surface of
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FIG. 4. Dots show the photoinduced Faraday rotation angle at
saturation as a function of the pump intensity. The full line shows
a fit of the dots with Eq. (14), which yields the maximum polaron
concentration to be np = 4.5x 10" cm™3.
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the sample, then the concentration of photogenerated polarons
at a depth x below the surface will be

pe—axa

hv

We shall assume, however, that the concentration of polarons
that can be generated is limited by a maximum value,
represented by np. Then the photoinduced Faraday rotation
in the saturated fields will be given by

npol(x) = x ). (13)

oo
AGSAT ~ / npoi(X)dx
0

np pLD lfp < Pp
=— » . (14)
o (1+lnP—D) if p > pp,
where pp = ')’(Z”TE .Equation (14) gives a photoinduced Faraday

rotation angle that increases linearly with pump intensity for
p < pp and logarithmically for p > pp. Figure 4 shows that
Eq. (14) provides a very good fit of our data, whereby ny, is the
single adjustable parameter, yielding np = 4.5x 10" cm™3.
This is again far less than the concentration of polarons
that would completely fill the excited layer, (%n RE,OI)’1 =
1.3x10" cm™3. We attribute the limited concentration of
polarons that can be photogenerated to their binding by
residual defects of concentration np. At T = 5 K, these bound
polarons are long-lived—their lifetime is 15 us [7]—and
therefore have a supremacy over magnetic polarons seen in
the photoluminescence, which have a much shorter lifetime,
of the order of a nanosecond [22]. The shorter lifetime
implies a stationary concentration of magnetic polarons that
is four orders of magnitude smaller, and effectively only
the long-lived magnetic polarons will be observed in the
photoinduced Faraday rotation. A plausible source of defects at
alow concentration of the order of 10'> cm™? is the unbalanced
stoichiometry of the Eu and Te atomic fluxes during the MBE
growth. It should be observed that the binding of polarons to
defects provides further support for our previous assumption
that photoexcited polarons remain localized in the penetration
layer of the pump light and do not diffuse into the interior of
the EuTe crystal.
Equation (7) can be rewritten as

AO#(B,T) = A@,%AT(T)L<M>, (15)
kT

where A6p(B,T) is the photoinduced Faraday rotation at a
field B and a temperature T, and AG3*T(T') is the correspond-
ing saturation value, depicted in Fig. 2. The measured data
for various temperatures was fitted with Eq. (15), yielding
two parameters for each temperature: the magnetic moment of
the photoinduced magnetic polaron, wpy(7), and the Faraday
rotation step height when B is varied, A0?AT(T) (see Fig. 2).
It is worth pointing out that the polaron magnetic moment is
the only parameter defining the smoothness of the step, so
the value for upo obtained from the fit is independent of any
other parameter entering Eq. (15), such as the polaron lifetime
and steady-state population, which depend on temperature.
Figure 5(a) shows the polaron magnetic moment as a function
of temperature so obtained. For comparison, the dashed line
in Fig. 5(a) is given by the magnetic moment associated with
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FIG. 5. (a) Temperature dependence of the magnetic moment of
a polaron. (b) Temperature dependence of the photoinduced Faraday
rotation angle at saturation. Above T ~ 50 K, AOSAT decreases
exponentially with a characteristic activation energy of E4 = 11 meV.
The inset shows schematically the magnetic polaron energy level,
the ground state (when the photoexcited electron is absent), and the
thermally activated state, which drains the polaron population when
the temperature of the sample is increased.

the polaron sphere
[pol = 37 Rpoy (M), (16)

where (M) is the average EuTe magnetization within the
magnetic polaron sphere under the action of the exchange
field of the photoexcited electron, Bxs ~ 1 T [5,6], taken in
the Curie—Weiss approximation [18]

gup(S+1) Bxf
3k T+1IN

It can be seen that the Curie—Weiss law describes the data quite
well, without any adjustable parameter.

Finally, Fig. 5(b) shows a plot of the second param-
eter obtained from the fit, i.e., the photoinduced Fara-
day rotation at the saturation level, AOSAT(T), as a
function of temperature. Above 100 K, the photoinduced Fara-
day rotation decreases exponentially with an activation energy

(M) = nguiEu
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of about 11 meV. The rapid decrease of the photoinduced
Faraday rotation signal is interpreted in terms of the thermal
activation of a fast recombination channel, which causes a
reduction of the polaron lifetime and hence of the steady-state
polaron population. The thermally activated magnetic polaron
quenching process is illustrated by the energy-level scheme
shown in the inset of Fig. 5(b).

In conclusion, we have shown that EuTe can be magnetized
by light through optical generation of magnetic polarons,
with a quantum efficiency of x ~ 0.09 and a maximum
concentration, which is about 4.5x 10> ¢cm™2 in the case of
the sample studied in this work. Such a low concentration
is evidence that the magnetic polarons are bound to defects,
plausibly generated during the growth process due to a
deviation from stoichiometry. A path to clarify this point would
be to investigate samples with an intentional deviation from
stoichiometry and check if the deviation correlates with the

PHYSICAL REVIEW B 95, 045205 (2017)

maximum polaron concentration. At low temperatures, the
polarons are immobile and do not diffuse out of the illuminated
volume. The polaron population can be thermally quenched,
with an activation energy of 11 meV, which could be due
to thermally activated recombination, or to polaron diffusion
out of the path of the probe beam. Thus, we demonstrated a
novel approach for the optical manipulation of magnetic states
in EuTe, which in principle should be valid for any intrinsic
magnetic semiconductor, as well as for diluted semiconductors
and for hybrid ferromagnetic-semiconductor structures.
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