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Abstract Raman scattering measurements on iron—pnictide
Mn-doped BaFe,As, single crystals are reported. Single crys-
tals were grown out of a FeAs self-flux using conventional
high-temperature solution growth and characterized by X-ray
diffraction, atomic force microscopy, and Raman. Raman
spectra were obtained at room temperature and 77 K on ab-
and a(b)c-planes. Two of four phonon modes allowed by sym-
metry were found and identified. It was observed that the
scattering intensity of A;, mode and the frequencies of the
A, and By, phonons are dependent upon doping of Mn.
The dependence of scattering intensity and frequency of A,
mode on Mn doping might indicate that the Mn ion also oc-
cupies the As site.

Keywords Iron-based superconductor - Single crystal -
Manganese - Raman spectroscopy

1 Introduction

Since the discovery of superconductivity in iron—arsenides,
much effort has been devoted both to exploring their physical
properties and to the search for new materials. Up to now, a

F. T. Dias
Universidade Federal de Pelotas, P. O. Box 354, Campus
Universitario s/n°, 96.010-900 Pelotas, Rio Grande do Sul, Brazil

L. B. L. G. Pinheiro

Instituto Federal de Educagdo, Ciéncia e Tecnologia do Rio Grande
do Sul, Campus Erechim, Rua Domingos Zanella 104, Trés Vendas,
99.700-000 Erechim, Rio Grande do Sul, Brazil

A. R. Jurelo (D<)

Departamento de Fisica, Universidade Estadual de Ponta Grossa, Av.
Gen. Carlos Cavalcanti 4748, Uvaranas, 84.030-000 Ponta

Grossa, Parana, Brazil

e-mail: arjurelo@uepg.br

@ Springer

variety of iron-based superconductors such as 1111
(REFeAs(O,F)) [1, 2], 122 ((Ba,K)Fe,As,) [3], 11 (Fe(Se,
Te)) [4], and 111 (LiFeAs) [5—7] were discovered. They are
particularly suitable systems to study the interplay between
the structural, magnetic, and superconducting orders. The
122 ternary iron arsenide has emerged as one of the most
important systems because large flux-grown single crystals
can be readily obtained.

Superconductivity occurs in the BaFe,As, compound by
hole doping [8, 9] and with critical temperature 7 values up
to 38 K for K-doped [3]. Also, upon cooling, a structural phase
transition takes place (7s=173 K) from the high-temperature
tetragonal to the low-temperature orthorhombic (Fmmm)
phase [3]. Electron-doped Ba(Fe;_Coy),As, is another suit-
able system, and unlike the substitution of Ba** for K* ions,
Co has advantages as dopant since carriers are added directly
into the FeAs planes [10]. In the special case of Mn, although
it is adjacent to Fe in the periodic table, BaMn,As, has phys-
ical properties very different from those of BaFe,As, [11-13].
Li et al. studied the superconductivity suppression of
Bay sKo 5(Fe; xMx),As, single crystals by substitution of tran-
sition metal (M=Mn, Ru, Co, Ni, Cu, and Zn) [13]. Mn was
observed as the strongest suppression effects, with 7= sup-
pression rate around 7.0 K/% [13]. Kim et al. used neutron
and X-ray diffraction to study the antiferromagnetic ordering
in Ba(Fe;_Mn,),As, single crystals [12]. It was observed that
for low doping concentrations, the tetragonal-to-orthorhombic
transition abruptly disappears whereas magnetic ordering
persists.

Although both theory and experiment indicate that the elec-
tron—phonon coupling was found to be weak to produce a
superconducting state in iron-based superconductors [14,
15], the Raman light scattering offers a powerful tool to detect
changes in the phonon spectra and lattice vibrations [16]. The
search for specific features in the Raman spectra could shed
new light onto the motive of the suppression of the
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superconductivity in Mn-doped BaFe,As, single crystals [11,
12]. For R_K,Fe,As, (R=Ba, Sr) single crystals, it was ob-
served from Raman scattering measurements that the elec-
tron—phonon coupling results in significant phonon anomalies
at both the superconducting and spin density wave transitions
[17]. Such anomalies are increasingly suppressed for higher
potassium concentrations [17]. For Co-doped samples, Ra-
man scattering measurements as a function of temperature
were also used to study spin density wave (SDW) order and
electron—phonon coupling in Ba(Fe;_,Co,),As, single crys-
tals [18]. It was observed that the electronic Raman continuum
displays clear signatures of the opening of a doping-dependent
SDW gap [18]. Also, in another study involving Ba(Fe;
—.Co,)As, single crystals, doping dependence of the lattice
dynamics by Raman spectroscopy was studied [19]. A large
splitting of the E, in-plane phonon modes involving Fe and As
displacements was observed upon cooling through the
tetragonal-to-orthorhombic transition. The origin of the split-
ting was discussed in terms of magnetic frustration, inherent to
iron—pnictide systems [19].

In this communication, results of Raman scattering study of
Mn-doped BaFe,As; single crystals are reported. Single crys-
tals were grown out of a FeAs self-flux using conventional
high-temperature solution growth. From XRD patterns, only
the (00/) peaks were observed, illustrating that the Ba(Fe,
_Mn,),As, crystals are exclusively oriented along the c-axis
and without impurity phases detected. The AFM measure-
ments indicated that the samples are homogeneous but shows
a surface granular aspect at the nanometric scale. Raman mea-
surements performed at room temperature and 77 K in the 45
to 1565 cm ' range were carried out on the ab- and a(b)c-
planes. The A;, and B, phonon modes allowed by symmetry
were identified.

2 Experimental Details

Single crystals of Ba(Fe,—_,Mn,),As, were grown out of a
FeAs self-flux using conventional high-temperature solution
growth. Details of the crystal growth process are presented
elsewhere [12, 20, 21]. To determine the Mn-doping compo-
sition of the single crystals, wavelength dispersive spectros-
copy was used [12]. In this work, the Mn values (x=0.026,
0.052, 0.092, and 0.147) will be used to identify the single
crystals. The structure and phase purity of all samples were
examined using a Rigaku diffractometer with CuK,. The X-
ray diffraction patterns were collected from 5 to 120° in the 26
range with 0.006 step and 6 s counting time. Also, the samples
were characterized in different regions of the ab-plane by
using a commercial AFM system (SPM-9600 Shimadzu) in
non-contact mode. All AFM results reported in this work were
obtained with silicon cantilever that has a resonant frequency
of approximately 320 kHz with nominal spring constant of

42 N/m. Unpolarized confocal Raman measurements at RT
and 77 K were performed with a Bruker Senterra R200-532
spectrometer equipped with an Olympus optical microscope
and with a thermo-electrically cooled CCD detector. A x50
objective microscopic lens was used to focus the laser beam
(solid state laser with A=532 nm) in different regions of the
ab- and a(b)c-plane. Acquisition times ranged around 20 s
with an incident laser power density below 60x 10* W/em?
in order to avoid sample heating.

3 Results and Discussion

The shining plate-like crystals have typical dimensions rang-
ing between 2 and 3 mm in the planar orientation and 100 pm
thick. All the crystals are prone to exfoliation and easily
cleaved. Figure 1 shows the X-ray diffraction pattern taken
at room temperature of single crystals of Ba(Fe;_,Mn,),As,
with (a) x=0.026, (b) x=0.052, (¢) x=0.092, and (d) x=
0.147. Inset of (a) shows an optical image of the single crystal.
We can observe only the (00/) peaks, illustrating that the
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Fig. 1 XRD patterns taken at room temperature of single crystals of
Ba(Fe;_Mn,),As, with a x=0.026, b x=0.052, ¢ x=0.092, and d x=
0.147. Inset of a: optical image of the doped single crystal with x=0.026
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Ba(Fe;_.Mn,),As; crystals are exclusively oriented along the
c-axis and without impurity phases detected. However, besides
the larger surface of each lamella being perpendicular to the c-
axis, no planar ordering occurs so that each lamella can have a
different orientation with respect to @ and b directions. The
excellent single crystals quality (for other concentrations) was
also confirmed by small mosaicities [<0.02° full width at half
maximum (FWHM)] measured by X-ray rocking scans [12].
In Fig. 2, Raman spectra of Ba(Fe,_,Mn,),As, single crystals
for concentrations (a) x=0.026, (b) x=0.052, (c) x=0.092, and
(d) x=0.147 are shown. The measurements were carried out in
the ab-plane and by applying a power of 10 mW. For the sample
with x=0.026 (Fig. 2a), a power of 20 mW was also applied and
a softening for Blg mode was observed in the spectrum when
compared with that obtained from 10 mW. Probably, the larger
laser potency (producing locally higher temperatures) shifted the
Raman peak, yet for single crystal with x=0.147, the measure-
ment was also carried out at 77 K, as can be observed from

Fig.2 Room temperature Raman
spectra of Ba(Fe;_,Mn,),As, for
ax=0.026, b x=0.052, ¢ x=
0.092, and d x=0.147. The
measurements were carried out in
the ab-plane and by applying a
power of 10 and 20 mW (only for
x=0.026 crystal). For single
crystal of x=0.147, the
measurement was also carried out
at 77 K. Displacement patterns for
selected Raman-active B, and
A, modes are also shown

@ Springer

Fig. 2d. The phonon modes observed in this study show typical
Lorentzian lineshapes and without asymmetry.

From symmetry considerations, one expects four Raman-
active phonons for AFe,As, (where A is an alkaline earth
element) [16]: A4 (As), By, (Fe), E, (As), and E, (Fe). The
alkaline earth element does not contribute to any of the
Raman-active mode since it occupies a centrosymmetric po-
sition within the lattice [16]. Fe and As ions contribute for B,
and A, modes, respectively. Displacement patterns for select-
ed Raman-active B, and A, modes are shown on the left-
hand side of Fig. 2. These two modes correspond to atomic
displacements along the c-axis. ab-plane displacements of Fe
and As are related to two E, modes, which involve motion of
both atoms and are strongly mixed [16].

For BaFe,As, single crystals, Chauviére et al. observed
experimental frequencies of the Raman-active modes at room
temperature in 124 cm ™' for E, (Fe,As), 209 cm ! for B 4(Fe),
and 264 cm ! for E, (Fe,As) [19]. The A, mode was not
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observed from ab-plane of the BaFe,As, single crystals. For
SrFe,As,, the Raman modes were observed in 114 (E,),
182(A,g), 204 (By,), and 264 (Ey) ecm ' [16] while for the
CaFe,As, in 189 and 211 cm ' for A, and By, respectively
[22].

The line observed in our study at 202 cm' (corre-
spondent to B;, mode) is clearly pronounced in the
spectra, and its intensity and their linewidth are not
dependent on Mn concentration. On the other hand, its
frequency is dependent on Mn doping, as can be ob-
served in Fig. 3. The same figure shows the room tem-
perature Raman spectra around B, line of Ba(Fe;
—:Mn,),As, for (a) x=0.026 and (b) x=0.147. The mea-
surements were carried out in the ab-plane and by ap-
plying a power of 10 mW. With increased Mn concen-
tration, the frequency of the B, phonon is reduced. The
long vertical bar indicates the position of the B;, mode
(around 202 c¢m ') for sample with x=0.026 while the
small vertical bar indicates the position of the same
mode (198 cm™') for the concentration x=0.147. The
mode softens by about 4 cm ' with increase in Mn
concentration. Chauviére et al. observed in BaFe,As,
that the B;, mode displays an anomaly in its linewidth
at the tetragonal-to-orthorhombic transition, with a siz-
able decrease across the transition, while the phonon
frequency of B, does not exhibit any anomalies [19].
The authors argue that spin—phonon coupling can be the
responsible for this anomaly [19].

The A, mode could not be observed for concentration x=
0.026 (Fig. 2a); however, this mode was clearly observed for
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Fig. 3 Room temperature Raman spectra around B, line of Ba(Fe,
_Mn,),As, for a x=0.026 and b x=0.147. The measurements were
carried out in the ab-plane and by applying a power of 10 mW

higher concentrations of Mn. The intensity and frequency of
A\, line depend on the concentration of Mn (Fig. 2b—d),
which had its intensity and frequency increased with Mn dop-
ing. The dependence of scattering intensity and of frequency
of A, mode upon Mn doping might indicate that the Mn ion
also occupies the As site. Chauviére et al. studied the lattice
dynamics as a function of electron doping in Ba(Fe,
—,Co,)»As, by Raman spectroscopy [19]. They did not ob-
serve this mode at room temperature from measurements car-
ried out on the ab in BaFe,As, single crystals either. However,
besides undetectable at RT, the A, mode is clearly observed
at temperatures below 147 K.

For the single crystal with x=0.147, the measurement
was also carried out at 77 K, as can be observed from
Fig. 2d. The Raman modes A, and B, were clearly
observed at room temperature, but they could not be
observed for measurements at low temperatures. Kim
et al. studied the antiferromagnetic ordering in the ab-
sence of structural distortion in Ba(Fe;_,Mn,),As, single
crystals [12]. Studies from neutron and X-ray diffraction
in low doping concentrations (x<0.176) revealed that at
a critical concentration (0.102<x<0.118), the tetragonal-
to-orthorhombic transition abruptly disappeared whereas
magnetic ordering with a propagation vector of (1/2 %
1) persisted. Also, Choi et al. studied Raman scattering
of CaFe,As, at the temperature range 4-290 K [22]. For
in-plane polarizations, A, (at 189 cm ') and B,
(211 cm™") Raman-active phonon modes were observed.
The B;, mode undergoes a discontinuous drop of fre-
quency by 4 cm', whereas the Aj, phonon shows a
suppression of the intensity at structural phase transition
from the high-temperature tetragonal to the low-
temperature orthorhombic phase (around T¢~173 K).
Those authors suggested that these results confirm the
first-order nature of the structural phase transition and
the drastic change in charge distribution within the
FeAs plane through T [22].

T T T T T T T

x =0.147
ab(c)-plane

Intensity (a.u.)

150 170 190 210 230 250
Raman shift (cm’l)

Fig. 4 Room temperature Raman spectrum for Ba(Fe;_Mn,),As,(x=
0.147) for the a(b)c-plane at 10 mW power
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Fig. 5 Atomic force micrograph
in the ab-plane of Ba(Fe,
_Mn,),As, for a x=0.147. b
Lateral mapping for x=0./47 in
the ab-plane. The Raman spectra
were obtained in ten steps spaced
by 5 um

Also, in this work, independent of Mn concentration
and temperature, E, modes were not observed.
Chauvicre et al. studied the doping dependence on the
lattice dynamics in Ba(Fe,_,Co,),As, by Raman spec-
troscopy [19]. They observed a large splitting of the
in-plane Fe—As phonon (E,) across the tetragonal-ortho-
rhombic structural transition. They also reported that the
splitting of E, mode is strongly reduced upon Co dop-
ing and disappears for x=0.06. The authors discussed
the origin of the splitting in terms of magnetic frustra-
tion, inherent to iron-pnictide systems, and that such
enhanced splitting may be linked to strong spin—phonon
coupling [19].

Figure 4 shows the room temperature Raman spectrum for
Ba(Fe;_Mn,),As, (x=0.147) sample obtained when a 10-mW
laser beam was incident on the a(b)c-plane. In this figure, the
two Raman modes (A, and B,,) are observed again. The
a(b)c-plane Raman modes were measured at the same frequen-
cies as those for the ab-plane; therefore, A, line is the most
prominent, while a very weak band is observed for B;, mode.

Atomic force microscopy was carried out on the ab-plane
in order to study the surface morphology of Ba(Fe,
_Mn,),As, sample for x=0.147 (Fig. 5a). This figure shows
an image of 200x200 nm” area. The image was obtained
under ambient conditions in phase mode using Si probe. We
did not observe changes of the examined surface by changing
the AFM experimental conditions. It can be clearly observed
that the sample shows a surface granular aspect, with charac-
teristic grains sizes between 10 and 50 nm. Therefore, inho-
mogeneities at nanometric scale were not observed.

In order to verify the effect of granularity at nanometric
scale in the Raman spectra of the Ba(Fe;_,Mn,),As, (x=

@ Springer
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0.147) sample, several measurements were performed along
ten steps of a line 50 um long in the ab-plane. A laser power of
10 mW was used. The Raman spectra are shown in Fig. 5b,
where the Raman modes A;, and B;, can be observed. The
spectra did not change with position, showing that the sample
is homogeneous despite the granularity observed from AFM
measurements.

4 Conclusions

In conclusion, we report Raman scattering measurements on
iron—pnictide non-superconducting Ba(Fe,—_ Mn,),As, single
crystals with Mn content varying from x=0.026 up to 0.147.
Samples were grown out of a FeAs self-flux using conven-
tional high-temperature solution growth. From XRD, only the
(00/) peaks were observed, illustrating that the samples are
exclusively oriented along the c-axis and without impurity
phases detected. Atomic force microscopy was carried out
on the ab-plane in order to study the surface morphology,
and it was observed that the sample shows a surface granular
aspect, with characteristic grains sizes between 10 and 50 nm.
Raman measurements performed at room temperature and
77 K were carried out on the ab- and a(b)c-planes. Two of
four Raman-active phonons were observed experimentally.
The A;, mode is strongly dependent upon doping of Mn,
indicating possibly that the Mn ion also must be occupying
the As site.
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