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Abstract

In this study, we explore the anisotropy of electron-phonon coupling (EPC) constant in epitaxially grown MgB: films on c-axis
oriented Al20s3, examining its correlation with the critical temperature (Tc) and local structural disorder assessed through polarized
Raman scattering. Analysis of the polarized Raman spectra reveals angle-dependent variations in the intensity of the phonon spectra.
The Raman active mode originating from the boron plane, along with two additional phonon modes from the phonon density of
states (PDOS) induced by lattice distortion, was distinctly observed. Persistent impurity scattering, likely attributed to oxygen
diffusion, was noted at consistent frequencies across all measurement angles. The EPC values derived from the primary Raman
active phonon do not significantly vary with changing observation angles, followed by that the Tc values calculated using the Allen
and Dynes formula remain relatively constant across all polarization angles. Although the E2g phonon mode plays a crucial role in
the EPC mechanism, the determination of Tc values in MgBz2 involves not only electron-Ezg coupling but also contributions from

other phonon modes.
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1. INTRODUCTION

Magnesium diboride (MgB:) is a hexagonal metallic
material that is composed of two separate layers of
magnesium and boron that stack on top of each other [1, 2].
This simple structure of MgB; classified as a BCS type
phonon-mediated superconductor with unexpectedly
higher critical temperature T. around ~39 K compared to
the other metallic superconductors [1]. Due to its high T¢
and simple structure, investigation on its superconducting
mechanism and searching for several factors affecting its
behavior are still hot topics as MgB: becomes essential in
replacing the archaic superconductor that has been widely
used.

Numerous models, theories, and calculations explaining
the superconducting mechanism of MgB, have been
published [2-9]. According to the band structure
calculation [3, 4], MgB; has two essential electronic bands
that are two-dimensional (2D) p, and p, (o) band, and
three-dimensional (3D) p, (w) band, which forms two
cylindrical Fermi surfaces and creates two corresponding
superconducting gaps [4]. Each band has a different
characteristic such as electrons in the ¢ band strongly
coupled with phonon imprisoned within the lattice, while
the m band shows a weak coupling. Since MgB; is
classified to be owning a strong electron-phonon coupling
(EPC) for its superconducting properties, research on how
phonon contributes to the T¢ behavior is an interesting topic
to be studied. Owing to the simple hexagonal structure with
the p6/mmm space group, several optical modes at the
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Brillouin zone are predicted for MgB2 depending on the
point of observation [10-12]. Group theory has calculated
that MgB; has five different phonon modes lying in the
Brillouin zone, such as Ezg and Ayg for active Raman modes,
silent B1g mode and two infrareds active E1, and Az, modes
[10].

Several reports regarding the possibility of a close
relation between lattice, local structure, the behavior of
Raman scattering and the T. values of MgB, have been
reported [11-13]. The T, behavior of MgB; was explained
by the competition between the dominating E»g mode and
the other modes reflected in the Raman spectra. The Raman
frequency of MgB, with different types is affected by
several factors such as impurity, lattice strain and stress,
which asymmetrically deform either the boron or the
magnesium plane. Maintaining the MgB; crystal condition
with a preferred direction is an advantage of a film form on
a suitable substrate, where it can increase the current
carrying capacity (Jc) and the upper critical field (Hc)
without a degradation of T. [14].

In this paper, to investigate the relation between the EPC
strength and the T. variation, we report the Raman
scattering behavior of the c-axis oriented MgB, film
deposited on Al,O3 substrate [15] using linearly polarized
Raman measurements at different angles.

2. EXPERIMENTAL DETAILS
MgB:; films were deposited using a hybrid physical-

chemical vapor deposition (HPCVD) technique on the top
of the c-cut oriented Al,O3 substrate. The detailed process
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Fig. 1. Normalized resistance curve of MgB; film on top of

Al,O3 substrate. Inset: (Top) XRD data of the deposited

sample show highly c-axis oriented with only 001 and 002
peaks are distictly observed .

is described elsewhere [13]. To deposit a c-axis oriented
MgB, film on the AIl,Os; substrate, high deposition
temperature around 700°C was used under 50 torr of H, gas
at a flow rate of 90 sccm, and then BzHs (10% in Hy) gas
at a flow rate of 10 sccm was introduced into the quartz
tube chamber for 5 min to start the growth of MgB». The
deposited MgB, film was cooled down to room
temperature under a flowing H. gas resulting in average
thickness around ~800 nm determined from the scanning
electron microscope (SEM) cross section image.

Crystal structure of deposited MgB; film was examined
using X-ray diffraction (XRD) to confirm the epitaxial
condition of the sample. The temperature dependence of
resistance of the film was measured by standard four-point-
probe technique from 297 K down to 10 K. The T, value
was determined from the maximum temperature of
dR/dT. Raman scattering measurements were conducted
using Raman spectrometer (Nano Photon Raman Touch-
model) at room temperature in three different spots with
incident laser 532 nm (2.25eV) from range 0 to 1800 cm™.
For polarized Raman scattering measurement, polarized
filter in a 15°0f interval was used from in-plane 0° to out-
of-plane 90°, while the circularly polarized was measured
using quarter wave plate (QWP) for two different
configurations where the incident, and scattered light
measured in a clockwise direction (¢* in ¢* out) or known
as Right-Right (RR) and where the incident light measured
in a clockwise direction while the scattered light measured
in counter clockwise direction (¢* in ¢~ out) or known as
Right-Left (RL).

3. RESULTS AND DISCUSSION

Fig. 1 shows the normalized resistance as a function of
temperature measured from 285 K down to 10 K with a
RRR to be ~5.8, which is considered to be a clean sample.
The T value of the sample is determined to be ~39.3 K
from the maximum dR /dT. The orientation of the film was
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Fig. 2. Background reduced Non-polarized Raman spectra
of MgB; film on the top of Al,O; substrate at room
temperature alongside with gaussian fitting. Additional
peak on the high frequency region is detected as impurity
peak scattering.

confirmed to be highly c-axis oriented from the XRD data
as in the inset of Fig.1, showing only (001) and (002) peaks
indicating that MgB, crystal is arranged well on top of
Al,Oj3substrate [15].

Fig. 2 presents the non-polarized Raman spectra
measured at room temperature. As generally known, the
Raman spectra of MgB: consist of three phonon modes,
which are the main Raman active phonon spectra located
at ~580 cm, and two phonon density of states (PDOS)
spectra located at ~400 cm™ and ~700 cm™ [11-13]. By
employing the convolution Gaussian fitting, the first peak
is observed at ~404 cm™, the second peak probably
belonging to the Exqg mode is at 604 cm, and the third peak
at 734 cm™. Interestingly, an additional peak is observed at
806 cm* and all the peaks are named as w1, wz, w3 and w*,
respectively.

The appearance of the additional peak w* was reported
in the prior reports [13], in which @* is considered to
belong to impurity scattering due to the oxygen diffusion
caused either by ambient condition of the surface or by
Al>O3 during the deposition of MgB; [16-18]. Nevertheless,
the appearance of w* might not disrupt the phonon
behavior of MgB:.

Angle-resolved polarized Raman spectroscopy (ARPRS)
is an important branch of the Raman spectroscopy along
with helicity-resolved Raman spectroscopy (HRRS),
where we can vary the configuration to alter the incident
light of the measurement system, to rotate the polarization
light, to rotate the sample in in-plane direction and to apply
the quarter wave plate to induce a circularly polarized light
[19]. This type of Raman measurement setup has an
advantage over the conventional polarized one such that
we can use the setup for characterizing the in-plane and
out-of-plane phonon modes based on the helicity of Raman
scattering. ARPRS can also be used to study the orientation
of the Raman tensor by determining the isotropic
characteristics of materials [20]. Direct relation between
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Fig. 3. (a) Linearly polarized Raman spectra of MgB: film
on the top of AIl,Os; substrate measured at room
temperature from 0° to 90° with a 15° of interval and (b)

Circularly polarized Raman spectra with two different
configurations of RR (¢" in ¢* out) and RL (6" in o™ out).
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the polarization technique and the superconducting
behavior of MgB; has not been thoroughly examined yet.
Therefore, investigation on the polarization spectra of
MgB: phonon behavior will bring an insight into how it is
related to the strong electron phonon coupling.

The linearly polarized Raman spectra of MgB; on top of
Al>O3 are presented in Fig. 3(a). During the measurement,
the angles of incident photon were varied from 0° to 90°
with a 15° interval on three different spots and five times
measurements were conducted under 10 second of the laser
exposure. As can be observed, the behavior of peak
positions in the linearly polarized Raman spectra shows a
similar pattern to the non-polarized spectra of four peaks
detected [10-13, 16-18]. Interestingly, a noticeable
difference depending on the measurement angle can be
observed in terms of intensity of each main phonon mode
w1, w2, and ws. Furthermore, by fixing the frequency value
and FWHM of the impurity Raman scattering, we
systematically analyze the effects of the main phonon
behavior to the strength of electron phonon coupling in

Mng.

Known to be a hexagonal structure with a stacking 2D
layer between magnesium and boron, MgB: belongs to the
Den point group in general based on the selection rules [21].
According to the group theory, the symmetries of Raman
active modes and the corresponding Raman tensor (R) are
described as [22-24]:

a 0 O 0 0 O a 0 —c
Alg:<0 a 0>;E1g:<0 0 c><0 0 0)
0 0 b 0 ¢c 0/\=c 0 O

0 0\/d 0 0
Ezg:<d 0)(0 —d 0>,
0 b/\o 0 0

where the values corresponding to a — d refer to the
amplitudes of the Raman tensor element, and both Ei4 and
E»q modes are known to be doubly degenerated. According
to the Placzek polarizability approximation, where it can
carry out the ratio between the perpendicular component
and the parallel components of Raman scattered light, the
intensity of Raman scattering (1) can be expressed as the
following by using the Raman tensor [23]:

oS O

I |e;"R-el?, @)

where e; and e, are the polarization vectors of incident and
scattered light, for linearly parallel polarization
configuration where the angle is equal to 0°. The intensities
of known Raman active scattering by available matrix are
|a?| for Aig, O for Eiq and |d?| for Ezq modes. Contrarily,
the intensity of Raman active scattering in linearly
perpendicular polarization configuration is annihilated
except for the Eq mode, which is the value of |d?| due to
its doubly degenerate nature. Otherwise, the value of O for
Eiq indicates that this Raman scattering is unobservable in
this experimental setup.

Although, the active Raman mode has been explained
and formulated in the group theory, each of observable
Raman active mode in our sample hasn’t been resolved yet.
Following several published reports regarding the Phonon
behavior in a conventional polarized angle Raman
scattering, Aig phonon mode was observed near the main
E2y mode since both phonon modes are coming from the
boron plane in- and out-of-plane vibration. In agreement
with our linearly polarized Raman measurement, the
intensity of w, decreases upon increasing the polarization
angle which translates to an elimination of the observable
Raman scattering Aig mode close to the Ezy mode in
perpendicular configuration. To confirm this hypothesis,
we performed the HRRS Raman scattering measurement
setup was conducted which typically used to assign and
resolve the symmetries and chirality of Raman bands.

Fig. 3(b) shows the results of the HRRS Raman spectra
measurement with two different configurations, RR (¢* in
o* out) and RL (¢* in o” out). As can be seen, the intensity
in the RR configuration is lower than that in the RL
configuration, which is because that the RR configuration
only allows the A;q phonon mode with a value of |a?|
while in the RL configuration, only allowed phonon mode
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Fig. 4. The polar plot of the integrated intensity of (a) w:
followed by theoretical approximation fitting of two
phonon-modes combination (blue-line) and three phonon-
modes combination (red-line) (b) w1 and (c) ws alongside
sinusoidal fitting (red-line).

is Ez¢ With the value of 2|d?| according to the group theory
and the calculation of the Raman matrix [22, 23]. While we
know that the w, phonon mode consists of two Raman
active mode Aig and Exg have different behavior of intensity,
the other two phonons w: and ws; have a quite similar
behavior upon those two configurations combined, where
a linear and cosine function fits the experimental data.
However, due to large linewidth (FWHM) of w,, it is
difficult to distinguish between Aiq and Ezg in non-linear
and linearly polarized spectra which lead us to treat w as
a phonon combination dominated by Ezg mode.

Fig. 4 shows a polar plot of the Raman intensity on three
main peaks of w1, wz, and ws. Even though we observe that
w2 comprises of two different Raman active modes,
treating it as one results in a better perspective of how it
behaves in respect to the polarization angle. Following the
group theory, the behavior of E»y phonon mode appears to
be linear such that its intensity maintains the same value
across all polarization angles. On the other hand, the Ay
phonon mode follows the intensity behavior of I =
A? cos? @, where A is an amplitude, and 8 is representing
the linear polarization angle. Thus, the combination of Exq
linear equation and Ayq cosine equation is presented as the
blue line in Fig. 4(a). Unfortunately, our data from the
linear polarization Raman scattering do not follow this
trend and seem to require an additional sinusoidal fitting
function in the Raman tensor [21], which may be
originated from the oxygen impurity that affects the
condition of boron plane. Otherwise, in order to thoroughly
analyze this effect, a detailed measurement using neutron
scattering is needed.

Unlike w2, the Raman tensors of the other two phonon
mode w1 and w3 in the MgB; which is believed to come
from the PDOS has not been thoroughly discussed.
Furthermore, the intensity of two other main phonon falls
in the perpendicular polarization direction which means the
PDOS phonon direction follows the behavior of the main
phonon w». Since these three phonon modes are closely
related to the crystal structure and boron plane condition of
the sample, it can clearly be seen that our MgB» samples
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Fig. 5. Raman peak position obtained from the Gaussian
fitting of (2) w2, (b) w1 and w3 in respect to the polarization
angle. Inset: an illustration of directional phonon modes.

have an anisotropic condition proving several theories that
has been published previously [3-7].

The T values of phonon mediated superconductor rely
on how phonon behaves inside the Brillouin zone of the
crystal. The equation of T, was first published by McMillan
and then modified by Allen and Dynes as in the following
[25, 26]:

—1.04(1 + 2
a+2 ) @

w
T, = < log) exp(
1.2 A—up*(1+0.621)

where (wjq) = (w1 X @3 X 03)%% is the averaged
phonon frequency [3], u* is the Coulomb pseudopotential
ranging between 0.1-0.2 in theory [4, 25] and A represents
the EPC constant and 4 = 1.29 is used for a single crystal
[27].

As stated previously, the T¢ variation of MgB, was
explained by the competition between the main Exy mode
and the other modes. As can be seen in Fig. 5, the phonon
frequency of ®, behaves rather regardless of the
polarization angles, followed by ®: and ws. Thus,
employing the polarization method on Raman
measurement does not change any observed phonon energy
of the phonon modes within the range of error bar. Thus,
by employing eq. (2), we calculated T¢’s of our sample in
respect to the polarization angles and are shown in Fig. 6(a).

Utilizing all phonon frequency w1, w2, and w3 from the
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Fig. 6. Calculated T and the electron-m, phonon coupling
constant taken from the experimental data in respect to the
polarization angle.

experiment, we found that the T, values of our sample do
not have any significant change over the polarization angle
from the in-plane (0°) to the out-of-plane (90°). Especially,
to match with T¢ of our sample, a larger value of 0.19 is
used for u*, which is beyond the reported range of
0.13~0.17 in previous experiments [26], but within the
range of the theoretical value [4, 25]. Higher value of u* of
our sample compared to the other experimental results was
assumed to be higher coulomb interaction due to the
thickness of our sample being ~800 nm, which can be
considered as a bulk sample.

Following several reports published previously, the
contribution to the electron phonon coupling in MgB:
strongly relies on the Exg mode in the w; region along with
the Aig mode [22]. While it is difficult to distinguish
between Eyg and A, the coupling of Aig with electron is
reported to be far less than that of Exg with electron [28-30].
Thus, we treat w; as the frequency of Eyq to calculate the
electron- w; coupling constant as following:

r
A“’ph - 2N (0)wpy, 3)

where 1, , is the strength of EPC, I' is the phonon
ph

linewidth obtained from the Gaussian fitting, and N (0) is
DOS of the Fermi surface and is an only electronic property
explicitly occurring in this equation [31]. In a single crystal
MgB,, N (0) = 0.71 states/eV/cell was used for calculation
and considered to be constant [4]. Fig. 6(b) shows the
calculated electron-w, coupling constant on each
polarization angle. Following the stable behavior of the T,
calculated from the McMillan equation, insignificant

change of EPC was also observed, while the value of the
EPC from the Ezg mode alone is lower than the reported
value. This analysis implies that the T. behavior of MgB>
relies not only on its Raman active E,q phonon alone, but
also on the other two phonon modes. Moreover, it has been
demonstrated that T of our sample remains unaffected by
variations in the measurement angle.

4. SUMMARY

This investigation aimed to observe the phonon behavior
within a c-axis oriented MgB; film deposited on top of an
Al,Os substrate, varying the polarization angle. Linearly
polarized (ARPRS) and circularly polarized (HRRS)
techniques were employed to scrutinize in-plane and out-
of-plane phonon behavior, including helicity in Raman
scattering and EPC. Non-polarization measurement of the
Raman spectra shows that there are three main phonon
peaks that can be observed with an additional impurity
peak from the oxygen contamination. In addition, the
HRRS measurement shows that an additional phonon
mode was observed in the w; region. According to group
theory, phonon mode w is a result from a combination of
Ay and Ezg modes, with Ezy believed to have more
significant coupling to electrons. Furthermore, the
superconducting transition properties of MgB. are partly
attributed to phonon frequencies and linewidths,
particularly the dominant E;y mode. The application of the
McMiillan equation modified by Allen and Dynes indicates
that the sample's T, remains unchanged with respect to the
observation angle, along with nearly constant electron-Exg
phonon coupling calculated from the Gaussian linewidth.
Thus, despite the primary electron-phonon mechanism for
the superconducting properties in MgB: arising from the
E»q phonon mode, T itself cannot be solely determined by
electron-E»y phonon coupling but also involves other yet-
to-be-revealed phonon modes w1 and ws.
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