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Hydrostatic pressure effect on the transport properties in TiO superconducting thin films
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The superconducting properties of the TiO epitaxial thin films were systematically investigated under
hydrostatic pressures (P) up to 2.13 GPa. At ambient pressure, the normal state resistivity increases with
decreasing temperature, and steeply increases below Ty ~ 115 K. With further reducing temperature to
T, ~ 5.99K, the thin film enters into a superconducting state. Interestingly, the superconducting temperature 7,
gradually decreases upon increasing P, and the decreasing rate of 7, with P is much larger than the McMillan
theoretical expectation. In contrast, 7y, increases with P and a remarkable resistivity enhancement was observed
in the temperature range between Ty, and 7. The variations of T, Tk, and normal state resistivity under high
pressure may be induced by the charge localization related to the atomic vacancies rearrangement in TiO thin
film. Furthermore, the temperature dependencies of the upper critical field H.,(T') indicate that both the orbital
and Pauli-paramagnetic pair-breaking effects should be taken into account. Finally, the thermally activated
flux flow investigations under different pressures suggest that the pressure will suppress the thermal activate

energy.
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I. INTRODUCTION

Superconducting properties in epitaxial thin films have
attracted much attention due to the enhanced or even cre-
ated superconductivity compared with their bulk forms. For
example, the superconducting transition temperature 7, of
a Laj¢Srp;CuOy4 thin film (~49K) is roughly double of
that in the bulk (~25K) through epitaxial growth on lattice
mismatched SrLaAlOy4 substrates [1], and the exotic super-
conductivity can be created at the LaAlO3/SrTiO;3 interface
where a two-dimensional electron gas forms [2—4]. Recently,
we succeeded in growing cubic TiO epitaxial thin films on
trigonal «-Al,03(0001) single crystalline substrates [5], and
found that the zero resistivity temperature 7,7 (~5.0 K) was
much higher than that of the bulk TiO (~2.8 K) sample [6,7].
However, its mechanism is not clear yet.

Pressure (P) as a basic thermodynamic variable has an
important impact on superconductivity. For a superconducting
material, a larger d7./d P means that a higher 7. may be
achieved at ambient pressure through suitable chemical sub-
stitution or epitaxial strain design [1,8—10]. More importantly,
high pressure experiments benefit to clarify the interplay rela-
tionships among various competing orders in superconductors
and help to reveal the superconducting mechanisms [11,12].
For example, uniaxial pressure studies in high-7, cuprates
provided evidence that the superconductivity primarily comes
from a CuO; plane rather than interlayer coupling [13]. In
simple s, p metal superconductors like Pb, Sn, In, and Al, it
was found that the pressure induced stiffening of the lattice
vibration spectrum will lead to a ubiquitous decrease in T,
[14]. While for some metals, such as in thallium and rhenium,
the pressure dependencies of 7, are related to the change
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of the Fermi surface topology and are not monotonous [15],
reflecting the complexity of their electronic properties [16].

The pressure effects on the normal state can also present
some important information for understanding the mecha-
nisms of superconductivity. In the pressure induced supercon-
ductors, such as BaFe,S3 [17], 17-TaS, [18], and 2H-MoS,
[19], the insulating or semiconducting state at ambient pressure
gradually transforms into a metallic state owing to the pres-
sure induced band-gap closure and metallization. While for
some other superconductors, such as FeSe [12], 1T-TiSe,
[20], the structural, electronic, and magnetic transformations
in normal state make the pressure dependencies of normal
state resistivity exhibit diverse behaviors. Thus, the valuable
superconducting information can also be obtained from the
evolution of normal state properties with pressure. For ex-
ample, in the superconductor LaRu,P,, detailed analysis of
the normal state resistivity suggests that the increase of 7,
with pressure may be accompanied by an extra electron-boson
interaction [21], which results in a much larger enhancement
of T, under hydrostatic pressure than that predicted by
McMillan’s strong coupling theory. Because the origin of the
large enhancement of 7, in TiO thin film is still a mystery [5],
the studies on superconducting properties and normal state
resistivity under hydrostatic pressures are important to reveal
the superconducting mechanism.

In view of these, we have undertaken an extensive study
on the superconductivity of TiO thin film under hydrostatic
pressures. Temperature dependencies of resistivity from 1.9 to
300 K in different magnetic fields (0-9 T) were measured at
various pressures up to 2.13 GPa. Similar to some simple met-
als, the superconducting transition temperature 7, decreases
monotonously with increasing pressure [14]. Furthermore,
the temperature dependencies of the upper critical field
H»(T), the irreversibility field H;(T), and the pair-breaking
mechanism were analyzed.
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FIG. 1. Temperature dependencies of resistivity (p-7) of TiO

thin film under various pressures up to 2.13 GPa (0, 0.16, 0.53, 0.98,

1.35, 2.13 GPa). The inset is an enlarged view of the resistivity
near T,.

II. EXPERIMENT

The TiO thin films with a thickness of ~80 nm were
epitaxially grown on (0001)-oriented «-Al,O3 single crys-
talline substrates by a pulsed laser deposition technique. A
detailed description on the sample preparation and structural
characterization was reported in our previous work [5].
The resistivity at different magnetic fields under various
pressures was measured by a standard four-probe technique
in a Quantum Design Physical Property Measurement System
(QD PPMS 9 T). We used a HPC-33 piston type pressure
cell to apply hydrostatic pressures on TiO thin films with
Daphne 7373 oil as the pressure transmitting medium. The
magnitude of pressure was determined by the superconducting
transition temperature of Sn in the compressor system. In all
measurements, the magnetic fields were applied parallel to the
film surface.

III. RESULTS AND DISCUSSION

A. Superconducting transition temperature

Figure 1 presents the temperature (7') dependencies of
resistivity (p) from 1.9 to 300 K for external pressures up
to 2.13 GPa without magnetic field. At ambient pressure,
the p-T curve exhibits a semiconductorlike behavior at the
normal state, where the resistivity increases with decreas-
ing temperature and the residual resistivity ratio (RRR =
P300K)/ Pmax) 18 ~0.45, here pmax is the maximum resistivity at
low temperature. Below the onset superconducting transition
temperature 7, ~ 5.99K defined by the resistivity drops
to 90% of the normal state resistivity, TiO film enters a
superconducting state. Interestingly, a resistivity kink appears
around Ty ~ 115K, below which the resistivity increases
much steeper. The resistivity kink temperature iy, related to
an electronic property change [22,23], was defined as the cross
point of the fittings below and above the Ti;nx [for the details,
please see Fig. 3(a)]. It is known that there is an energy gap of
0.06-0.17 eV between the valence and the conduction bands in
TiO,(x > 1.087) with disordered vacancies [24], which is of
the same order of magnitude as the pseudogap near the Fermi
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FIG. 2. Pressure dependencies of zero resistive transition tem-
perature 7, (cyan solid circle), kink temperature Ty (purple solid
square), and the residual resistivity ratio (RRR) (blue star) of the
specimen. The dash lines present the linear fits of 7, and Ty, with
slopes of —0.39 and 5.1 K GPa™!, respectively. The solid blue line is
the eye guide line for RRR.

level calculated from the first-principle theory [25]. Therefore,
the semiconductorlike temperature dependencies of resistivity
in the normal state of our TiO film may be related to the gap
and impacted by the atom vacancies and disorders [26].

The normal state resistivity increases with increasing
pressure P, and it becomes more remarkable below T,k than
above Tijnk- The top inset of Fig. 1 is an enlarged view of
the p-T curves near T, and it is clear that 7, drops gradually
with increasing P. These behaviors are different from most
conventional BCS simple metal superconductors, in which
the decrease of 7, under pressure usually accompanies the
decrease of normal state resistivity due to the weakening
of electron-phonon coupling under pressures [14]. Figure 2
shows that the variations of 7., Ty, and RRR with P,
T,, and Ty follow linear dependencies with d7./dP = —
0.39 K GPa~! and dTiu/dP = 5.1 KGPa™!, respectively.
While the RRR decreases with increasing P and exhibits
a concave shape. Considering that 7, is closely related to
the electron-phonon interaction while Ty is mainly due to
the electronic property change [22,23], the opposite pressure
evolution tendency between 7T, and Ty suggests that the
changes of electronic properties in normal state suppress
the superconductivity in TiO thin film by competing with
electron-phonon interaction.

The pressure dependencies of 7, are analyzed within the
framework of McMillan theory as follows [27]:

Op —1.04(1 +2)
T. = exp .
1.45 A — pu*(1+0.624)

ey

Here T, is related to the fundamental parameters including
the electron-phonon coupling parameter A, the Coulomb
repulsion u*, and the Debye temperature ®p. In most BCS
superconductors p* equals a value of 0.1 [16,28,29], and the
change of u* with pressure can be neglected [16]. Formula (1)
has been successfully used in a number of superconducting
materials in deriving 7, under pressures, such as elemental
superconductors [30], transition-metal nitrides [31], MgB,
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[32,33], H3S [34], NbO [29], and so on. Taking the logarithmic
volume derivative of T, in Eq. (1), one can obtain the following
relation [28]:

dlnTc_ dlnTC_

aldinn 2
amv - " ap — vt {dan+ ”}’ @
where y = —dIn{w)/dInV is the Griineisen parame-
ter, n = N(Ep){I?) is the Hopfield parameter, N(EFf)
is the density of states at the Fermi level, (/%) is
the average square electronic matrix element, and A =
1.04A[1 + 0.38u*][A — u*(1 + 0.621)]~2 [35]. The applied
pressure will be converted to a volume change using the bulk
modulus parameter B, as the volume directly correlates with
the lattice vibrational frequency through the fundamental pa-
rameter y. Theterms of d Inn/dInV and y = —d In{w)/dInV
in Eq. (2) represent the changes of electronic and lattice
properties with volume, respectively. The typical d Inn/d In V
equals —1 for simple s and p metal superconductors [36], —3
to —4 for d-band superconducting transition metal [35], and
—1 to —4 for compound superconductors [28,31], respectively.

Using zero resistivity superconducting transition tempera-
ture 77°° = 5K at ambient pressure, ® p = 560K [29], and
nw* =0.1[16,28,29], we obtained L = 0.486 and A =4.14
from Eq. (1). Inserting these values into Eq. (2) and setting
y = 1.2 [37] and Brio = 260 GPa [25], we have dT./dP =
—0.09-0.15 K GPa~! with dInn/dInV = —1 to —4 (if the
«-Al, O3 bulk modulus B of about 250 GPa is used [38], then
dT./dP is about —0.09-0.16 K GPa~!). The experimental
reduction of 7. with pressure (dT,/dP = —0.39 K GPa™!)
is much stronger than the theoretical prediction. This suggests
that the decrease of 7, in TiO film cannot be simply interpreted
by the basic change of electron-phonon interaction under
pressure.

In order to get a deeper insight of the pressure weakened
superconductivity, we took a close look at the normal state
resistivity under pressures. For the TiO film, the semicon-
ductorlike behavior of the p-T curves in a certain temperature
range below and above Ty follows the variable range hopping
(VRH) relation [39]:

o(T) = poexp(To/ T)'*. 3)

Here p, is a constant, and the characteristic temperature 7
is given by

To = 24/[nkp N(ER)&] ], )

where £ is the localization length. The fitting results under
various pressures are shown in Fig. 3(a). In ambient pressure,
the p-T curve could be described over two distinct regions,
115-190 K (above Tyin defined as the cross point of the linear
fittings) and 75-115 K (below Tiink ), with Ty = 246 and 857 K
in both regions, respectively. As illustrated in Fig. 3(b), Ty
values for both regions were found to increase with increasing
P, indicating the decrease of N (EF)§13. Some calculations
presented that the N (Eg) value roughly doubled when the atom
vacancies changed from a complete ordering to complete dis-
ordering state [25,26], however, the T increases by more than
one order of magnitude below Tii,. Therefore, we believe
that the decrease of & and enhancement of charge localization
would be the main reasons for the increase of 7. The rapid
increase of Ty below Tink suggests that a hydrostatic pressure
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FIG. 3. (a) Fits of resistivity data with variable range hopping
model at various pressures (0, 0.16, 0.53, 0.98, 1.35, and 2.13 GPa).
(b) Characteristic temperatures at temperatures above Ty (black)
and below Ty, (red) plotted as a function of pressure.

will significantly enhance the charge localization below Tjx.
Such a resistivity kink was also observed in TizOs and Ti4O7
superconducting thin films [40], which were attributed to a
bipolaronic interaction. But we should note that the bipola-
ronic transition temperature could be reduced under pressure
[22,41], and the increasing Ty in our TiO thin films contra-
dicts with that predicted by the bipolaronic model [22,40,41].

Because the carrier localization will suppress the formation
of Cooper pairs [42], the pressure induced enhancement
of carrier localization should unavoidably reduce the T,
significantly, leading to a much larger d7./dP than the
calculation by McMillan theory. It is known that atomic
titanium and oxygen vacancies are the typical characteristic
in a TiO system and often form a superstructure with ordered
atomic vacancies [43]. Different physical properties can be
obtained by varying the number and arrangement of vacancies
in the TiO crystal structure [44]. It was demonstrated that the
application of pressure will affect the arrangement of vacancies
in TiO, powder [45]. Similarly, the high pressure applied on
the TiO thin film will induce atomic vacancies rearrangement
as well, and affect the local chemical environments and
electronic structures accordingly, which may be the reason
of the enhancement of carrier localization.
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FIG. 4. (a) and (b) p-T curves for TiO thin film in different magnetic fields under the selected pressures of 0 and 2.13 GPa. (¢) H.(T)
and H;(T) as a function of temperature at the representative pressures, the red lines are the fits to the WHH model with consideration
of the spin-paramagnetic and the spin-orbit effects (0, 0.98, and 2.13 GPa), and the black lines are the fits to the empirical equation
Hy,(T) = Hy,(0)[1 —(T/ T.)*] (0, 0.98, and 2.13 GPa). Inset: Analysis of H.,(T) (0 GPa) using the WHH theory without (black line) and with
(red line) spin-paramagnetic effect and spin orbital scattering. (d) Pressure dependencies of H,;(0), Hy;(0), £°°(0), and £(0).

Although we qualitatively or semiquantitatively analyzed
the variations of 7, with pressures, more accurate analysis of
pressure dependence of 7, needs a definite n = N(Eg)(I?)
which can be calculated by electronic-structure theory [46]
or measured through phonon spectra [47]. Moreover, the
lack of experimental studies for pressure effects on atomic
vacancies makes it more mysterious. These aspects deserve
further investigation.

B. Upper critical field

Now, let us analyze the pressure effect on the upper critical
field H,, which provides valuable information on fundamental
superconducting properties, such as the coherence length and
the pair-breaking mechanism. We measured the superconduct-
ing transition broadening behaviors in magnetic fields with
different pressures. Figures 4(a) and 4(b) show the temperature
dependencies of resistivity in different magnetic fields at the
selected pressures of 0 and 2.13 GPa. Similar broadenings
of the superconducting transition were also obtained under
other pressures. The temperature dependencies of the upper
critical fields H:»(T) defined by the resistivity drops to 90%
of the normal state resistivity are shown in the Fig. 4(c). The
H,, versus temperature curves in all pressures exhibit a convex
shape and the initial slope d H.,/d T |r=r, is about —6.7T K.

As we know, the variation of H,, with temperature is closely
related to the pair-breaking mechanism. Generally, the Cooper
pair can be destroyed via the orbital pair-breaking effect
and the Pauli-paramagnetic (spin-paramagnetic) pair-breaking
effect in external magnetic fields. The former is rising from
the Lorentz force acting on paired electrons, while the later
originates from the Zeeman effect. Considering the contri-
butions of each pair-breaking mechanism, the temperature
dependencies of H.,(T) can be calculated using Werthamer-
Helfand-Hohenberg (WHH) theory which is given by [48]

1 1 ik 1 h+re/2+iy
In-={(- Yl + — =~
t 2 A4y 2 2t
1 ik 1 hthe/2+iy 1
+<2 4y )””(f 2t "\z2)

)
4H,,

here t = T/To, h = i, y = [(@h)’ — (o /27172,
«a is the Maki parameter representing the relative strength
of spin and orbital pair breakings, and A, is the spin-orbit
scattering constant. Equation (5) fits the experimental data
very well with the fitting parameters « = 5.6,A5, = 2.4, and
H:(0) = 12.35 T, as shown in Fig. 4(c). It should be noted
that if the orbital effect is dominant (¢« = 0) and the spin-orbit
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FIG. 5. Inp vs 1/T curves at (a) 0 GPa and (b) 2.13 GPa. The
black solid lines are the regressive curves obtained using a modified
TAFF method, and the purple dashed lines show a linear Arrhenius
relation fitting for the resistivity broadenings.

scattering is negligible (A, = 0), we got the orbital limited
upper critical field Hfzrb(O) = —0.69T.dH:» /dT |7=1, = 27.7
T at ambient pressure, as plotted in the inset of Fig. 4(c). While
for the Pauli-paramagnetic effect, the Pauli-paramagnetic
limiting field is obtained from HC‘;(O) =2H C"zrb(O) Jao="7.0
T [49]. Comparing the values of H,,(0), Hfzrb(O), and HC’;(O),
we can see that both the orbital and Pauli-paramagnetic
pair-breaking effects should be taken into account. The
same analysis was applied to the H (7T) at various pres-
sures, and we found that H.(0) decreases from 12.35 to
11.55 T with increasing pressures from 0 to 2.13 GPa.
The superconducting coherence length £(0) at absolute zero
temperature could be estimated by Ginzburg-Landau formula
£(0) = [@o/2m H2(0)]'/2, where gy = 2.07 x 10~ Wb s the
flux quantum. One may use the orbital-limiting field Hfzrb(O)
[50,51], the fitted upper critical field H:»(0) [52,53], or the
Pauli-paramagnetic limiting field H5(0) [52,54] to estimate
the coherence length even though there is a large difference
between Hc‘)zrb(O) and H,,(0). For TiO thin films, £°°(0) and
£(0) were calculated using H C"zrb(O) and H(0), respectively,
and both of the coherence lengths increase with increasing
pressure, as shown in Fig. 4(d).

C. Flux pinning

From the broadening of resistive transition of TiO thin
films, the behaviors of flux flow and the thermally activated
energy can be obtained. Figure 4(c) shows the pressure effect
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FIG. 6. (a) U, as a function of magnetic fields obtained by fitting
the resistivity in TAFF region using the modified TAFF model.
The black dash lines are the fittings using Eq. (7). (b) Pressure
dependencies of Uy in various magnetic fields.

on the temperature dependencies of the irreversibility fields
H;,;(T) defined by the resistivity drops to 0.1% of the normal
state resistivity. The variations of Hj.(7) with temperature
under different pressures can be well fitted by an empirical
equation Hi(T) = Hi(0)[1 — (T/TC)Z], where H;;(0) is the
irreversibility field at absolute zero temperature. Similar to
H,»(T), the value of Hi.(0) is suppressed by the hydrostatic
pressures as displayed in Fig. 4(d).

Furthermore, according to a modified thermally activated
flux flow (TAFF) theory, the TAFF resistivity is expressed as
[55]

Inp = In[2p.Up(H)] + g In(1 — 1)
—InT —-Uy(H)1 —1t)?/T, 6)

where g and p. are the temperature independent parameters,
Uo(H) is the thermally activated energy for flux flow, and
t =T/T.(H). We found that ¢ = 2 is in good agreement with
experimental data, shown as solid black lines in Figs. 5(a) and
5(b). Simple TAFF fittings with Arrhenius relation are also
displayed as the dashed purple lines in Fig. 5, which cannot
fit the entire region of the given data, similar to the that in
Nb(Np.9300.02) [56].

Figure 6(a) shows that the magnetic field dependence of
Up(H) obtained from the fittings using Eq. (6) at various
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pressures obeys the following phenomenological formula [56]:

H\’

UH)xH 71— —), 7

o(H) < Hm> (N

where y and § are fitting parameters, in the range of 0.22-0.35,
and 1.22-1.45, respectively, as shown in Fig. 6(a) by dash
lines. Upon increasing pressure, Uy shows a downward trend

as plotted in the Fig. 6(b).

IV. CONCLUSIONS

In summary, we systematically studied the superconducting
properties of TiO epitaxial thin films under hydrostatic
pressures up to 2.13 GPa. With increasing P, T, gradually
decreases while normal state resistivity and its anomaly
temperature Ty, increase. A quantified analysis of pressure
dependent T, demonstrated that the value of 7, decreases much
quicker than McMillan’s theoretical expectation. The analysis
of normal state resistivity showed that the p-T behaviors can

PHYSICAL REVIEW B 96, 104505 (2017)

be explained by variable range hopping mechanism, and the
carrier localization in TiO thin film is significantly enhanced
by pressure especially below Ty,x. The carrier localization in
high pressure was considered to be the reason for the variations
of T, and Tiink, Which may be caused by the atom vacancy
rearrangement under pressure. The analysis of temperature
dependencies of H.(T') revealed that both the orbital and
Pauli-paramagnetic pair-breaking effects should be taken into
account. In addition, it was found that the pressure can suppress
the thermal activate energy for flux motion.
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