Enhancement of superconducting transition temperature in MgB, by strain-induced
bond-stretching mode softening
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We report a systematic increase of superconducting transition temperature, 7., with biaxial ten-
sile strain to well beyond the bulk value in MgB. films grown by hybrid physical-chemical vapor
deposition. The increase was observed in epitaxial films on SiC and sapphire substrates. The ten-
sile strain in the films arises primarily from the coalescence of initially nucleated discrete islands
(the Volmer-Weber growth mode) and increases with MgBs film thickness. We identified, by first-
principles calculations, the underlying mechanism for the T, increase to be the softening of the
bond-stretching F»,; phonon mode, and we confirmed this conclusion by Raman scattering mea-
surements. The result suggests that the F2, phonon softening is a possible avenue to achieve even

higher T, in MgBs-related material systems.

Since the discovery of superconductivity in MgBs by
Nagamatsu et al. [1], many techniques, including sub-
stitution, disorder and pressure, have been used in an
attempt to further increase the transition temperature
T.. However, the highest T, in MgBs has remained at
about 40 K. Doping and chemical substitution in MgBs
are difficult [2]. The successful cases such as substitution
of Mg by Al [3] and B with C [4] have so far always sup-
pressed T,.. Although atomic disorder induced by proton
irradiation enhances the pinning of vortices, it reduces
T. [5]. Subjecting MgBs to pressure also causes T, to de-
crease [6]. The only higher T, values reported are from
the 1B isotope effect (T, = 40.2 K) [7] and by Hur et
al. when they exposed B crystals to Mg vapor (zero-
resistance Tpo = 39.8 K) [8]. Recently, we have shown
that T, of MgBs films on (0001) SiC increases with film
thickness [9]. There have been speculations that a tensile
strain may be the cause of enhanced T, in the films [8, 9].
In this Letter, we show unambiguously a systematic in-
crease of T, with epitaxial tensile strain in MgBs films
on both SiC and sapphire substrate to well beyond the
bulk value (the highest T,o = 41.8 K). Moreover, we iden-
tify the underlying mechanism, among several materials
characteristics that determine T, to be the softening of
the F»4 phonon.

There are two new and remarkable features of MgBs:
its high value of T, almost twice as high as any other
intermetallic material, and that it is a clear and rather
extreme example of a “two gap” superconductor which
has interested theorists for decades [10-12]. This two
gap character arises due to two qualitatively different
Fermi surfaces (called o and 7) and their different pair-
ing strengths (extremely strong and weak, respectively).
The o contribution is dominant, however, and specifi-

cally the contribution from the B-B stretch modes (of Eq
symmetry) in the By graphene layer [13, 14]. Since any
significant change in T, should arise from this dominant
contribution, it suffices to consider only this contribution.
According to the McMillan-Allen-Dynes analysis,
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where w is the phonon frequency, f(A\,p@) = (1 +
A)/ (A= fi), and fi is similar to the Coulomb repulsion
w*. The electron-phonon coupling in a multiband su-
perconductor is a matrix, but here we only consider the
maximum element AZ7 , which due to dominance of the

bond-stretching mode becomes [14]
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where the o band effective mass m™ is proportional to
the density of states of holes in the ¢ band at the Fermi
level, D is the o-band deformation potential, and M is
the B mass. A change in T, can arise from any combi-
nation of changes in w, D, m*, or . For example, the
experimentally observed suppression of T, by Al doping
can be attributed to a decrease in the o-band hole den-
sity of states [3], and the pressure effect attributed to an
increase in the Esy, phonon frequency [15].

The epitaxial MgBs films in this work were de-
posited by a hybrid physical-chemical vapor deposition
(HPCVD) technique [16]. Pure magnesium chips were
heated simultaneously with the substrate to 720°C to
generate a high Mg pressure, and 1000 ppm diborane
(B2Hg) in Hy was used as the B precursor. The carrier
gas was a Ho flow of 450 sccm at a pressure of 100 Torr.
The films were deposited on both (0001) 4H-SiC and



(0001) sapphire substrates. We have shown previously
that films on (0001) SiC are c-axis oriented and epitaxial
with an in-plane alignment of the a-axis of MgBsy with
that of SiC [17]. Films on (0001) sapphire are also c-axis
oriented and epitaxial, but the a-axis of MgBs is rotated
by 30° in-plane from the a-axis of sapphire [16]. Because
of the highly reducing Ho ambient during the deposition
and the high purity source of B from ByHg, the HPCVD
technique produces very clean MgBs thin films with a
residual resistivity at T, as low as 0.26 pQcm [9].

We have reported previously that the properties of
MgBs films on (0001) SiC depend on film thickness [9].
In order to elucidate the role of biaxial strain we de-
posited MgBs of different thicknesses on (0001) sapphire
substrates, and we found that a similar trend of thick-
ness dependence to that on SiC. Figure 1(a) shows re-
sistivity versus temperature curves for MgBs films with
different thicknesses grown on sapphire substrates, and
Fig. 1(b) shows the curves for films on SiC substrates.
Both figures clearly show that 7. becomes higher as the
film thickness increases. The thickness dependence of the
zero-resistance T,y for both substrates is plotted in Fig.
1(c). A clear trend of increasing T, with film thickness is
seen for both substrates with T,y consistently 1 - 1.5 de-
gree higher in films on SiC than on sapphire. The highest
T, was observed in a 3400 A thick MgB.; film on a SiC
substrate with T.o = 41.8 K, two degrees higher than the
bulk value.

X-ray diffraction analysis shows a direct correlation be-
tween the lattice constants of the films, thus the film
strain, and T,.9. From 6 — 260 scans we measured the c-
axis lattice constants, and in conjunction with ¢ scans of
asymmetric reflections we determined the a-axis lattice
constants. Figure 2(a) shows the a-axis and c-axis lattice
constants of several MgBs films, of different thicknesses
and on sapphire (open symbols) and SiC (solid symbols)
substrates, versus their T,y values. We clearly see that a
higher T,y corresponds to a larger a-axis lattice constant
and a smaller c-axis lattice constant. Consequently, as
T.o increases, the ¢/a ratio decreases (see Fig. 2(b)) and
the unit cell volume increases (see Fig. 2(c)). Most strik-
ingly, although the results on SiC and sapphire follow two
different T, versus thickness curves in Fig. 1(c), they fall
on same curves in Fig. 2, indicating that a common fac-
tor determines T,y in this series of MgBs films, and it
is the biaxial strain. Compared to the bulk values indi-
cated by the dashed lines in Fig. 2 (a = 3.086 A ¢ =
3.524 A [1], ¢/a = 1.142, and cell volume of 29.06 A?), it
is evident that the tensile strain in the films causes T, to
increase beyond the bulk value, and the thicker the films
the larger the tensile strain.

An increase of tensile strain with film thickness has
been observed in films grown in the Volmer-Weber mode:
film growth by initial nucleation of discrete islands which
later coalesce [18, 19]. When the islands coalesce, they
“zip up” because the surface energy of the islands is larger

than the free energy of the grain boundaries, thus creat-
ing a tensile strain which increases with film thickness
[20]. In the so-called “low-mobility” films, the height of
the zipped boundary is less than the film thickness when
the islands coalesce, and the “zipping-up” continues at
the surface terrace level long afterwards [21]. Therefore,
the tensile strain continues to increase with film thick-
ness toward the upper bound value predicted by the Nix
model [20]. The coalescence tensile strain has been sug-
gested for GaN, a wide-band-gap compound semiconduc-
tor with a similar crystal structure to MgBs [22].

Atomic force microscopy (AFM) images confirm that
MgB; films grow in the Volmer-Weber mode. AFM im-
ages of two MgBs films on SiC are shown in Fig. 3(a)
(thickness 75 A) and 3(b) (thickness 900 A). Both were
grown at 720°C with a BoHg gas mixture flow rate of 50
sccm. Hexagonal-shaped MgBs crystallites are seen in
the thinner film, which coalesce into a continuous film at
larger film thickness. The continued increase of tensile
strain beyond coalescence and the surface terraces that
are readily observable in thicker films indicate that MgBs
behaves like a low-mobility system at 720°C. This is con-
sistent with the high melting temperature of B (2075°C)
or MgB, (it melts congruently at 2430 °C with pressure
higher than 49000 Torr [23]). The grain growth as the
film becomes thicker may also contribute to the tensile
strain as the reduction of the defect density can gener-
ate a tensile strain in the film on the top [24]. This is
supported by the cross-section transmission electron mi-
croscopy (TEM) images of a 2100 A-thick MgB, film
on (0001) SiC shown in Fig. 3(c) (low-magnification)
and Fig. 3(d) (high-resolution). The images were taken
along the [1100] direction. The dotted line in (d) in-
dicates the MgB,/SiC interface and the small arrows
show the lattice deformation due to dislocations, most of
which have Burgers vectors b=[0001]. Both Fig. 3(c) and
Fig. 3(d) show that the defect density is high near the
film/substrate interface and decreases as the film thick-
ness increases.

The magnitudes of the tensile strain are different on
SiC and sapphire substrates, reflecting the differences in
the lattice mismatch and thermal expansion mismatch.
The in-plane lattice constant is a = 3.07 A for 4H-SiC
and a = 4.765 A for sapphire, and thus the lattice mis-
match could result in a much larger compressive strain
for sapphire (11% compressive with the 30° in-plane ro-
tation) than for SiC (0.1% compressive). The coefficient
of thermal expansion in the (0001) plane at room tem-
perature is 5.5 x1076 K~! for MgB, [25], 3.0 x1076
K= for SiC [26], and 6.7 x1076 K~! for sapphire [27].
Therefore, the thermal expansion mismatch will lead to
a tensile strain in films on SiC, and a compressive strain
in films on sapphire when the film is cooled from the de-
position temperature. These factors are combined with
the coalescence tensile strain to determine that there is
a larger tensile strain in the MgBs films grown on SiC



substrates.

The systematic increase of T, with tensile strain shown
in Fig. 2 has led us to search for the mechanism respon-
sible for the rise in 7T, of MgB,. For this purpose we
have carried out first-principles calculations for a vari-
ety of strains including that for the highest T, sample in
Fig. 2, which are Aa/a = +0.55% and Ac/c = —0.25%.
We found that this strain leads to changes Am*/m* =
—1.2% and 2A|D|/|D| = —2.6%. The calculated change
in the Ey, phonon frequency, Aw/w= -5.5%, is in agree-
ment with the experimentally extrapolated value [15].
From these values and using Eq. (2), we obtain
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From Eq. (1) and using representative numbers, A =
Ao+ A =09+02=1.1, and 4 = 0.2:
AT, A
=< = 7” — Af = —55%+104% ~ +5%.  (4)

This value is quite close to the experimental enhance-
ment of T,.. This analysis identifies the underlying mech-
anism of the tensile-strain-induced increase in T, as the
softening of the FEs, bond-stretching mode. The de-
crease in the Fs, phonon frequency leads to the large
relative increase in the o band coupling strength (7%),
which more than compensates the lowering of the tem-
perature/energy scale governed by w (and as mentioned,
decreases by 5%). The result is consistent with a previous
first-principles calculation by Yildirim and Giilseren on
the pressure effects in MgBsy [28], although this previous
work did not address biaxial strain.

As a check on the validity of the theoretical calcula-
tions, we have measured the Fy, phonon frequencies of
MgBs films of different thicknesses by Raman scatter-
ing. Raman spectra were taken using a SPEX Triple-
mate spectrometer in backscattering geometry with the
514.5 nm Art laser line as the excitation source. Figure
4 shows the spectra of two films: a 3400 A-thick film on
SiC and a 800 A-thick film on sapphire. The thicker film
on SiC has larger tensile strain than the thinner film on
sapphire, and consequently has a higher T, as compared
to the film on sapphire. The broad peak around 600
cm™! has been assigned to the Fs; mode [15]. A clear
difference between the peak energies for the two films is
seen. The higher T; film on SiC has a softer Iy, mode
than the lower T, film on sapphire by about 20 cm™!, i.e
3.3%.

In conclusion, we have shown unambiguously that T,
in MgBs films deposited by HPCVD increases with bi-
axial tensile strain. The highest T,y obtained in the
MgB, films, 41.8 K, is well above the bulk value. First-
principles calculations show that the T increase is due to
the softening of the bond-stretching Eo, phonon mode,
which is confirmed by Raman scattering measurements.

= —1.9%—2.6%+11% ~ +7%_ure measurement.

There have been reports that a reduced T, in MgBs cor-
responds to a higher Es, phonon frequency [15, 29]. Our
result is the first example that lowering the F», phonon
frequency can increase T, to above the bulk value. In our
work, this was accomplished by the tensile strain built
into the films during the HPCVD growth process, and
the Ey, phonon softening is about 5.5%. An inspection
of Eqns. (3) and (4) shows that if one can reduce the
Es, phonon frequency further, the Ti. of MgB, could be
increased more than what we have shown here.
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FIGURE CAPTIONS

FIG. 1: Superconducting transition in MgB> films of different
thicknesses on (a) (0001) sapphire and (b) (0001) SiC sub-
strates. (c) Zero-resistance Tco as a function of film thickness
on both sapphire and SiC substrates.

FIG. 2: (a) T.o versus a-axis and c-axis lattice constants. (b)
Teo versus the c¢/a ratio. (c) Teo versus the MgBs unit cell
volume. The error bars indicate the accuracy of the measure-
ment. The dashed lines are the bulk values.

FIG. 3: AFM images of (a) a 75 Aand (b) a 900 A -thick
MgB: films grown on (0001) SiC substrates at 720°C. (c)
Low-magnification and (d) high-resolution cross-section TEM
images of a 2100 A-thick MgBs film on (0001) SiC taken
along the [1100] direction. The dotted line in (d) indicates
the MgB,/SiC interface and the small arrows show the lattice
deformation due to dislocations.

FIG. 4: Raman spectra of two MgBs films: 3400 A-thick on
SiC and 800 A-thick on sapphire. The thicker film on SiC has
larger tensile strain and a higher T¢o than the thinner film on
sapphire. The Raman result shows that the Es, phonon in it
has a lower frequency.



