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We have applied non-linear optical method (second harmonic generation (SHG) and third harmonic generation
(THG)) to monitoring the phase transformation in the iron telluride compounds. The experiment was performed
in the reflected geometry in which Temperature dependences of the SHG and THG have unambiguously shown
that both methods are sensitive to the occurrence of the anomalies in the SHG and THG features near the phase
transitions. However, the temperature positions of maxima are different, which may reflect a fact that in these two
techniques the different multi-excited states interact differently with the critical bosons near the phase transitions.
The role of the surface is crucial here because the surfaces are very sensitive to the presence of oxygen.

PACS: 42.65.Ky

1. Introduction

Since 2008, with discovery of superconductivity in iron
pnictogenides, research on superconductivity came back
to light and scientist were going into new research direc-
tions on intermetallics superconducting compounds [1].
Among these iron based superconducting families, one
has recently attracted the attention because of its sim-
pler crystal structure, the iron chalcogenides [1, 2]. The
first reason is that these compounds with 2 formula-unit
Feiy.Tei_,Se, per unit-cell are composed of only one
type of layer and therefore there is no charge transfer in
this superconducting layer. We also must remark that
interstitial sites are partly filled by iron atoms between
these layers and we have shown previously that this was
the reason of inconsistencies found in the literatures in
the study of superconducting and magnetic phase dia-
gram of the iron chalcogenide family. Indeed, when the
amount of iron, z, is too high (z > 0.05), the super-
conductivity is suppressed for Se content, y < 0.45. For
all iron content, no superconductivity is observed when
y < 0.2 [3]. Another interesting point is that the mag-
netic ordering of the Fe;,,Te parent compound is dif-
ferent than in the parent compounds of the other family
of Fe-based superconductors and that the nature of the
magnetic ground state is dependent on the concentration
of iron in the interstitial site [2, 3]. We believe that it is
interesting to study these Fe;y,Te compounds by non-
linear optical experiments for the following reasons:

e Non-linear optical experiments are good tools for
probing phase transitions and their nature [4-6].

e Time resolved experiments in general and among
them, time resolved non-linear optical experiments,
are efficient tools for probing interaction between

electrons and holes or charge carriers as well as
bosons and for determining the nature of these
last ones, the dynamics of these interactions, no-
tably during magnetic, magneto-structural, super-
conducting transitions and so on [4, 6-§].

The above reasons were the main ones motivating us to
make the present study on non-linear optical properties
of iron telluride.

However, before making time-resolved experiments, as
a first step, we need to obtain reliable and reproducible
results for non-linear optical response experiments and
to solve possible surface problems that perclude reliable
time-resolved experiments.

2. Experiment

The samples studied are single-crystalline Fe;;,Te
with two different iron contents (x = 1.08 and 1.13)
grown by modified Bridgman method. Details of syn-
thesis and sample characterization can be found in [3].
Magnetic properties were measured using a MPMS Squid
magnetometer from Quantum Design.

The experimental set-up for non-linear optical (NLO)
experiment is shown in Fig. 1.

In the Fig. 1 is depicted a principal set-up for mea-
surements of the nonlinear optical setup. The source
light from 10 ns with frequency repetition about 10 Hz
has passed through the shutter on the sample put in the
cryostat. The crystat allows to vary both temperature
as well to put the sample in the atmosphere of argon im-
mediately after cleaving. Due to relatively low sizes of
the samples (about 0.5 x 0.8 mm) the studies were done
by averaging over many pulses. The reflected light was
analyzed by the filter which was transparent for 532 nm
in the case of the SHG and 355 nm for the case of the

(932)



Phase Transition Diagnostic in Iron Telluride by Nonlinear Optical Experiments 933

sh Cryostat
Nd:YAG ‘ '
! '
PM
F

Fig. 1. Principal set-up for measurements of the sec-
ond harmonic generation (SHG) and third harmonic
generation(THG).

THG. The fast response photomultiplier has analyzed the
reflected light and performed comparison with the refer-
ence samples of PbTe. Very crucial for such kinds of NLO
experiments are the surfaces because the useful signal is
obtained from the layers of about 200 nm thickness. Be-
cause the titled (?) samples are very sensitive to oxygen,
we have done experiments after cleaning of the surfaces
by the same laser pulses with higher power and we have
detected better sensitivity to the variation of tempera-
ture near the phase transitions.

The Nd:YAG laser beam with a power density about 1
GW /cm? during 1-2 minute performed the preliminary
cleaning of the samples which led to enhanced reflected
light intensity. After that measurements were done. The
thermo stabilization was performed within the 0.2 K in
the regime of cooling and heating.

3. Results and discussion

To understand the sensitivity of the nonlinear optical
constants to the observed phase transitions we present
below some phenomenological description of the NLO re-
sponses.

Polarization of the studied sample can be defined as
following [4, 5, 9]:

Pi :P3+PFL :OéijE](-w)

Bk B B + v B B B (1)
where P} and PY" are, the linear and non linear con-
tributions to the polarization, respectively. The second
term in the right-hand side of the above equation cor-
responds to the first order non-linear contribution de-
scribed by third rank polar tensor requiring acentric
charge density distribution and therefore to the second-
harmonic generation (SHG), while the third term is as-
signed to the fourth order tensor component determined
the third order nonlinear optical response. The real part
of this fourth order tensor corresponds to the third har-
monic generation (THG) that will be studied also in the
present work for the iron telluride. The higher sensitivity
of the NLO susceptibilities with respect to the usual lin-
ear optical effects is based on the effective interaction of
the higher virtual excited levels (responsible for the NLO)
with the soft boson modes which possess higher den-
sity near the critical points like superconducting phase
transitions. In the theory of the phase transitions, such

interactions are usually named soft phonon modes and
they are determined by condensation of the same phonon
modes dues to the relatively strong electron—phonon an-
harmonic interactions described by the third rank polar
tensors [10]. As we have discussed in a previous paper [9],
this soft bosons mode can also be paramagnons coming
from damped spin collective excitations corresponding to
spin fluctuations that are increased when approaching
magnetic phase transitions. Situation is a bit different
for the THG, where the principal role is played by the
fourth rank polar tensor which does not require any non-
centrosymmetry. Generally this coefficient is weaker than
the SHG, however due to the excitation of the higher
number of photoexcited modes its contribution may be
comparable with the SHG and partly complimentary.
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Fig. 2. Thermal variation of the magnetic susceptibil-

ity x, of the two Feii,Te samples with two different
1+ z iron content. Inset: Thermal variation of dxT'/dT
for both samples.

Following Fig. 2, one can see that the presence of
a strong change in the magnetic susceptibility for both
samples and this corresponds to the magneto-structural
transition observed in these compounds by using neutron
diffraction experiments [2, 11]. Note that we find that
the transition is somewhere broader and at lower tem-
perature for the sample containing the larger amount of
iron in interstitial position and this agrees with observa-
tion by other groups [2, 11]. For this last sample, the
magnetic susceptibility is following Curie-Weiss behav-
ior above 145 K and we find a Curie-Weiss temperature
of about 150 K and an effective moment peg = 3.81, up
larger than in the first sample. In the inset of the Fig. 2,
we show the plot of dxT/dT for highlighting the phase
transition and determining the transition temperature.
The sample with higher Fe content has a magnetic tran-
sition at about 57 K, 10 K lower than the sample with
lower iron content.

We have done several different run of NLO experiments
on samples coming from the same two batches for which
we have reported magnetic properties above. We were
able to see THG signal only for the Fe; gsTe compound
and found an increase of the signal close to the magneto-
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Fig. 3. Thermal variation of the third-harmonic gen-
eration signal for the Fe; osTe sample.

structural transition temperature, showing that this tech-
nique is able to detect such a kind of transition when
sample surface is relatively clean and its roughness al-
lows to detect the mentioned hyperfine interactions. We
also see some additional THG anomaly at about 40 K.
We can suggest that this could be related to change of
electronic structure of the compound when going below
the magneto-structural transition due to enhanced in-
teractions of the electronic susbsytem with the critical
bosons near the phase transofrmation. The observation
of the temperature hysteresis in the THG signal can be
related to the first order type of this transition. Concern-
ing SHG experiments, we were able to see some SHG sig-
nals in both samples with signal increasing significantly
below 80 K and reaching a maximum between 60 and 70
K (excepted for the second Fej ggTe sample studied for
which only shoulder close to 70 K is found) and then the
SHG signal decreased below about 40-50 K (excepted for
the second Fe; gsTe sample studied for which the SHG
signal is maximal around 40 K and decreases only be-
low 20-30 K). It is interesting to see that we have ob-
served anomalies in thermal variation of SHG signal at
the same temperature range, i. e. around 40 K, than for
the second peak found in THG signal intensity and that
points a probable common origin. But at the present
stage of our investigation, even if we are not able to give
a clear interpretation of that anomaly, we can remark
that the temperature position of this anomaly is close to
the minimum observed in the thermopower in Fe; ggTe
by Pallechi et al [12]. This points the possibility that
these anomalies at 40 K could be due to spin waves in
the magnetic ground state. However, there is still no
clear interpretation of the observed thermal variation of
the thermopower beside the idea that this must be due
to magnons. The observation of some SHG signal above
the magneto-structural transition temperature can be ex-
plained quite similarly to the observation of such kind of
signal in the LaFesSbio, i. e. by the increased spin fluc-
tuations [9] that are present just above the transition
temperature Tspw in the present case. The latter due

to enhancement of the higher order electron—boson inter-
actions will stimulate the appearance of the SHG. This is
corroborated by the observation of deviation from Curie—
Weiss between Tspw and about 2 Tspw that is due to
these spin fluctuations.

—/\—FeTeX5, run 1
+FeTeX5, run 2
2.0 —(O—FeTeX1, run 1
— —@—rFeTeX1, run 2
=
o 1.5
=
&
O 1.0
I
(%2}
0.5+
0.0 T T T T T T T T T 1
0 20 40 60 80 100
T[K]

Fig. 4. Thermal variation of second-harmonic genera-
tion signal for the two Fei4,Te samples (two different
experimental runs).

4. Conclusions

We have shown a principal possibity to monitor phase
transitions in the iron chalcogenide superconductors by
first and second order NLO effects. In particularly, we
have established that the THG signal is observed only
for the Feq ggTe compound and found an increase of the
signal close to the magneto-structural transition temper-
ature, which confirm that this technique is able to de-
tect such a kind of transition when the sample surface
is relatively clean and its roughness allows to detect the
mentioned hyperfine interactions. We also see some addi-
tional THG anomaly at about 40 K. We can suggest that
this could be related to change of electronic structure of
the compound when going below the magneto-structural
transition due to enhanced interactions of the electronic
subsystem with the critical bosons near the phase trans-
formation. The observation of the temperature hystere-
sis in the THG signal can be related to the first order
type of this transition. We have achieved SHG signal in
both samples with signal increasing significantly below
80 K and reaching a maximum between 60 and 70 K (ex-
cepted for the second Fep ggTe sample studied for which
only shoulder close to 70 K is found) and then the SHG
signal decreased below about 40-50 K (excepted for the
second Fe; ggTe sample studied for which the SHG signal
is maximal around 40 K and decreases only below 20-30
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