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Part-1

X-ray absorption near edge spectroscopy (XANES) was employed to study the
valence and spin degree of freedom of transition metal ions in materials.

For the case of Ni(NOs),, the Ni L-edge spectrum indicates divalence nickel in
Ni(NOs3), compounds. Combined with the theoretical calculations, we confirm that the
divalent nickel exhibits the high spin state (S=1) in Ni(NO;),. In the study, NiO
(Ni*", S=1) was used as the standard sample. The spectrum shape differences between
NiO and Ni(NO3), come from the different local environments.

Moreover, we measured room temperature Mn K, L;;-edge and Co K, L, ;-edge
and temperature dependent Co L;;-edge XANES spectra in PrSrCoMnQOg double
perovskites. Our spectra show the Co’"/Mn*" ionic state in PrSrCoMnQOs. With the
help of theoretical calculations, we found that the crystal field in CoOg octahedral is
close to the HS-LS transition boundary. The crystal structure in PrSrCoMnOg¢ was
solved at 7=300 K and 7=12 K, respectively. PrSrCoMnQOg shows an unusual lattice
change at low temperatures. The lattice volume and the average Mn-O bond length
decrease, but the average Co-O bond length increases at low temperatures. We also
find there is a close relationship between CoOg local environment and Co L-edge
spectra line shape. The temperature dependent Co L-edge XAS spectra of
PrSrCoMnQg obviously demonstrate the spin state variation with 7, which can be
described as the combination of a LS ground state and the triply degenerate HS first

excited states.
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Fig. 1. Nickel L, 3 edge XAS data in TEY.
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Fig. 2. Nickel L, 3 edge XAS data with ligand field model calculations.
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Fig. 3. Nickel L, 3 edge XAS data with free ion model calculations.



the XAS spectra shows the divalence nickel in Ni(NOj3), compound. Combine
with the theoretical calculation, we assume that the divalence nickel shows a high spin
state S=1 in Ni(NOs),, same as NiO. The spectrum shape differences between NiO
and Ni(NOs), come from the different local environments.

On the other hand, very recently, O. Volkova et al. [1] measured magnetization
measurement under magnetic field as shown in Fig. 3, the obtained value of saturation
moment amounts about 2.03 pp/f.u. which is very close to the theoretical one Mg =

ngSug = 2.15 pg/fu. for Ni**, S=1, which is consistent to our simulations.
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Fig. 3. Magnetization measurement of Ni(NOs), At 2 K under magnetic field.[1]



Room temperature Mn L-edge XAS data was recorded in total electron yield
(TEY) mode (see Fig.4). In the previous work, which shows the PrSrCoMnOg sample
has a similar spectra shape and energy position with MnO,, we infer that the valence
on manganese ion should be Mn*"

Room temperature Mn K-edge XAS was recorded in the transmission mode. The
edge position is sensitive to Mn valence in the K-edge spectra, which also represents
the Mn*" in PrSrCoMnO6 sample (see Fig.5), same as those Mn*" in Eu,CoMnOg and
La,CoMnOQOg double perovskite[2,3,4].
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Fig. 5 Mn K-edge XAS data in transimission mode



In Co K-edge, room temperature XAS was recorded in the transmission mode
from BL.17C in NSRRC Taiwan, as shown in Fig.6. The K-edge XAS spectra is very
sensitive to the valence of transition metal ions. Compare with other reference spectra,
we find the PrSrCoMnQOg spectrum is very similar to EuCoQOs, and we infer that the

cobalt ions are also trivalence in PrSrCoMnQOg sample.
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Fig.6. Co K-edge XAS spectra in transmission mode
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Fig. 7 Co L-edge XAS data
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Fig. 8 Temperature dependent Co L-edge XAS spactra on PrSrCoMnQOg sample

We focus on the L;-edge first, there shows a shoulder characteristic in the lower
energy range, which is the contribution from Co’" HS state. As the temperature
increasing, the shoulder intensity also increases. We infer that the HS population
increases with temperature increasing. Now turn to the L,-edge, there shows a peak at
795eV which come from Co®" LS spectra. As the temperature increasing, we saw the
peak intensity become lower. We infer that the LS population decreases with the
temperature increasing, this result consists with that in the Ls;-edge. Up to now, we
assume that the Co’" ions in PrSrCoMnOs sample is an HS-LS mixed-spin state

system, and the HS state presence more at higher temperature.



We infer that the cobalt ion in PrSrCoMnOg¢ sample is a HS-LS mixed system,
which has a LS ground state and the triply degenerate HS 1% exciting states, and the
higher HS population, which come from the thermal excitation, presence more at high

temperature.
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Fig 9 Temperature dependent Co®” L-edge XAS spectra.
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Fig 10 Co L-edge XAS experiment data with theoretical calculation (setting the fitting

temperature parameter equals to real experiment conditoin).



At the end, we also fit the room temperature Co L-edge XAS spectra in different
samples. The fitting parameter 10Dg=0.495 eV shows the best fit to PrSrCoMnOg,
while the 10Dg=0.52 eV can fit LaCoOs; well and 10Dg=0.54 eV can fit EuCoOs; at
room temperature (see Fig.11). Compare the average Co-O bond length with the
fitting parameter 10Dg in each sample, we obviously see the fitting parameter 10Dq
(point charge crystal field in octahedral symmetry) decreasing with the increasing of
average Co-O bond length as shown in Fig.12. The gray dash curve shows the linear
fit of room temperature cases, and the light blue curve shows the Co®" ground state
HS-LS transition boundary 10Dg=0.47258 eV calculated from XTLS software.

Compare with EuCoO; and LaCoO3;, PrSrCoMnQOg has the largest average Co-O
bond length and the smallest crystal field on Co>" ions in the CoOj4 coordination, and
the crystal field in PrSrCoMnOQOyg is much closer to the HS-LS transition boundary,

especially in the low temperature.
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Fig. 11 Co L-edge XAS spectra with theoretical calculation



Average fitting
|
G co-0(A) | 100g (eV)
EuCo0, 1.9297 0.54
LaCaO, 1.932(1) 0.52
M
ProrCoMnQs | 4 937(101) | 0.495
room-T
ProrCoMnQs | gg0(57) | 0.4743
low-T

Table 1 The comparison of average Co-O bond length with the fitting parameter 10Dg

in different Co®" samples.
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Fig. 12 The relationship between the fitting parameter 10Dg with the average Co-O

bond length in different Co®” samples.
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Part-2

In 2004, E. Bauer[1] discovered the first heavy fermion superconductor without
inversion symmetry. According to the literature, CePt3Si is not excluding spin-triplet
pairing completely. At the same year, from the theatrical calculation[2], the
superconductivity in non-centrosymmetric material exhibits intriguing properties due
to a spin degeneracy splitting of Fermi surface is observed by spin-orbit coupling.
Superconducting order parameter does not obey parity conservation anymore, it
becomes possible for comprising of a mixing of spin-singlet and spin-triplet that is
also known as a simplest form in mixture of s-wave and p-wave. In general, reducing
the effect of Coulomb repulsion may display nodes in energy gap.

The strong electronic correlation system involves f-electron, like CePt;Si and
pressure-induced superconductors, e.g. CeTX3 (7=Co, Rh, Ir; X=Si, Ge) and Ulr,
indeed, the presence of an wunconventional order parameter in these
non-centrosymmetric materials. For CePt3Si, in particular, line node in energy gap is
proven from the experiment of the thermal conductivity[3], penetration depth[4] and
specific heat[5]. On the other hand, these non-centrosymmetric superconductors
without heavy fermion features are attracted more attention, the pairing state of most
weakly electronic correlation systems are s-wave which include Mgj,51r19B16[6][7]
R,Cs., (R=La, Y), ToGag (T=Rh, Ir, Pt), LaPt;Si, AMSi; (4=Ba, Ca, La; M=Rh, Ir, Pt),
Liy(Pd;—Pt,);B, RusBs, NbgsReps:[8]ResW[9][10] RersNbs[11]owever, there are
some agreements in order parameter: for instance, evidences provide different results
for R,Cs,, (R=La, Y)[17][18], BiPd, Mo3Al,C4[12-14], Mgi>-5Iri9B16[19][20], and
Li,(Pd;-,Pt,);B beyond the component x=0.8.

Such strong spin-orbit coupling system as topological insulators, the solid has bulk
insulator states and surface conducting states consisting of Majorana fermions[21],
which is its own antiparticle that is characteristic of Bosons, and expected to appear at
the edge of the vortex in topological insulators. Most of the theoretical proposals for
the Majorana fermions are based on p-wave pairing in the one-dimensional spinless
fermions and the p+ip pairing superconductor[22]. So far, some groups suggest the
mixing pairing states exist due to impurity effect enhances spin-orbit coupling[7][14],
nevertheless, no one actually finds it in superconductors. Thus, we are going to search
for the proportion of p-wave in non-centrosymmetric superconductors with binary

a-Mn structure by measuring specific heat.



Specific Heat Result
R924Ti5

The specific heat data in Figure 1 lotted as /T vs. T* shows the

superconducting state and normal state. The normal specific heat usually is expressed

as sum of electronic contribution and phonon contribution,
C(M=C(TH+C,...Th=y,T+AT*+4T® (4-1)

where y, T represents the electronic term due to free charge carriers, and T2 + 4T®
depicts phonon contribution is assumed to be independent of the magnetic field.

It is found an extrapolation of fitting normal state to T = 0 K, then we can
determine the ¥, = 111.8 m]/molK? and the other fitting parameters. We also
calculated Debye temperature 8, = 343 K from equation (2-12).

We can directly observe the transition temperature T, = 5.74 K and
dimensionless specific jump AC/y, T, = 1.60 in superconducting state which reveals

an incontinuous phenomenon in specific heat. AC/y, T_ is larger than the theoretical
value of 1.43 that suggests a moderately enhanced electron-phonon coupling.

In the following function[16], we can estimate the electron-phonon constant 1__.

AC/y,T.=1.43 + 094247 — 0.1954° (4-2)
According to McMillan model, for weak coupling 4 <« 1, for weak and intermediate

coupling A < 1, and for strong coupling A > 1. Therefore, the present 4_, = 0.45

value implies that our samples are a moderate coupling superconductor rather than a

weak coupling one. The result is consistent with specific jump.
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Figure 2 The black solid is superconducting electronic conurbation of Rey,Tis with isotropic s-wave

fitting(red line).

Inset: the entropy conservation for the superconducting phase transition.

The superconducting electronic contribution is shown in Figure 2, we calculate it

by the formula, AC(T)= C(T,H =0T) — C,(T) and which can be described by



s-wave. In addition, superconducting phase transition is second order that has to obey
entropy conservation § = | ;r “(AC/T)dT around transition temperature.

In the light of specific heat data(which in reference 27), we found the critical

temperature for each corresponding magnetic field and plotted them as Figure 3.
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Figure 3 Temperature dependence of upper critical fields of Re,,Ti5[15], and the red curve is from

Werthamer-Helfand-Hohenberg (WHH) theory.Re,; 75Ta 55

In Figure 4, the specific heat of Rey; 75Ta; 25 plotted as € /T vs. T2 The normal
state is derived from equation (4-1) and the superconducting state is also obtained by
the formula, AC(T) = C(T,H =0T) — C,_(T) which complies with entropy balance

around transition temperature as well as shows in Figure 5 with s-wave fitting.
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Inset: the entropy balance for the superconducting phase transition.

By the above fitting result and equation (2-12), (4-2), it is easy to know the



transition temperature T_ = 4.96 K, Debye temperature 8, = 325 K, furthermore,

specific jump AC/y, T, = 1.52 and electron-phonon coupling i_, = 0.32.

41.3 Rez4_ng4_1

Follow the discussion of section 4.1.1 and 4.1.2, the specific heat of Re,4oHfy is
plotted as C/T vs. T? and shown in Figure 6. The normal state is fitted by equation

(4-1) and the electronic superconducting specific heat is fitted by s-wave, further, the
second phase transition compels the existence of entropy conversation, as Figure 7
with different order parameter. On the basis of equation (2-12) and (4-2), we obtained

following parameters of ReyoHfy: T, =5.54 K, 6, = 335K, then, AC/y, T, = 1.55

and Agp = 0.37.

For the sake of accurately analyzing ReysoHfs;, we measured its specific heat
with different magnetic field. There are two ways to find the upper critical field at

zero temperature, one is using the applied magnetic field vs. transition temperature,

and the other one is plotting ¥ vs. magnetic field. As Figure 8, first, taking a
interception of linear fitto T = 0K in a figure as C/T vs. T* below 0.9 K except
for H = 7T, and the upper critical field is the intersection point between the linear fit

of y(H) which passing through origin and y, = 107 mJ/mol K*. In another way, we
made use of Werthamer-Helfand-Hohenberg (WHH) theory without impurity
scattering (a = 0) and spin-orbit scattering (A =0) to fit the data of the applied

magnetic field vs. its corresponding transition temperature, and it is shown in Figure
9.
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Figure 9 Temperature dependence of upper critical fields of Rey, oHf 1, and the red curve is from WHH

theory.

From the behavior of specific heat, the order parameter will be s-wave, but, in the
above introduction, we know the possible order parameter of non-centrosymmetric
superconductors is two-gap or anisotropic gap from theatrical calculation. In order to
ascertain which fitting is the best, we calculated the chi-square and presented the
highly probable fitting results in Figure 10.

We present all the parameters are listed in Table III and Table IV. Even we can
describe the specific heat as two-gap and anisotropic gap by the mathematically
numerical analysis, but, does it have physical meaning? So, we have to check

superconductor within which limit.
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Table III: A comparison of several important parameters for non-centrosymmetric

super-conductors with a-Mn structure.

Parameters Re24Ti5 Re21,75Ta7,25 Re24,9Hf4,1
T. [K] 5.74 4.96 5.54
¥, [m]/mol K*] 111.8 101.3 107
6, [K] 343 325 335
AC/y,T, 1.60 1.52 1.55
Ay 0.45 0.32 0.37
from WHH 10.75 <9 9.01 £0.22
H_,(0) [T
20 [Tl from y(H) 9.84 + 0.6
dH 4
— [T/K] 2.7 <261 2.34
dT 7=,
from WHH 553 >60.4 60.4+0.7
¢ [A]
from y(H) 57.8+1.8
Table IV: The energy gap of fits.
Order parameter R624Ti5 Re21,75Ta7,25 Re24,9Hf4,1
Isotropic s-wave
A Jke, T, 3.68+0.01 3.70 + 0.07 3.69
Two-gap
2A fkgT, 3.68 3.69
0.18 0.28
2a|, | kg T,
Anisotropic gap
2A/k,T, 3.68+0.01 3.70 3.69
0.070 £ 0.025 0.149 + 0.033 0.106 = 0.015

o




Dirty or Clean Limit?

The Transport Measurements

The function of mean free path is | =vp7, where v; is the Fermi velocity and
the relaxation time T =m/pne® from Drude model. We used equation (2-6) to

estimate Fermi energy &y, 7.08 eV for ReyTis, 9.84 eV for ReyirsTazos, 7.13 eV

for RepoHfs; and figure out the corresponding Fermi  velocity

v =4/26,/m=158x10°cm/s , 1.86x10°cm/s , and 158 x 10% cm/s
respectively.

Then we used van der Pauw to measure the resistances and calculated their
resistivity by equation (3-8), which reveals the relation to average resistance and

thickness. After that, changing the configuration of samples and measuring the Hall
coefficient, taking R, for room temperature to derive the carrier concentration . We

observed that the Hall coefficient varies with the temperature, which is shown in

Figure 13.

We estimated the mean free path [ of our samples, which is listed in Table VI and

shorter than coherence length &. It implies these superconductors within the contexts

of dirty limit, in principle, the multi-gap fitting loses the physical meaning in this kind
of situation.

Because the contributions of resistivity including impurity and grain boundary,

assume the H_,(0) < 9T for ReyssTa;os and calculate its  residual

resistivity g, < 153.3 uf2 cm by the equation[23]:

dH._,
dT loer,

= 4.48 x 10%y,p,.. Oe/K (4-3)



In the same way, the residual resistivity of Re,4Tis and RexqoHfs ) are 144.1 ufl and

130.6 ). The measured resistivity is in the same order with residual resistivity, the

contribution to resistivity is almost from the residual resistivity.

Table V: Hall coefficient of non-centrosymmetric superconductors in the unit of cm? JC.

Temperature Re24Ti5 Re21,sTa7,2 Re24,9Hf4,1
20K (5.09+0.10) x 107> (2.86 + 0.46) x 107%"  (1.17 + 0.58) x 10~*
100 K (9.37 £0.23) x10™® (311 +0.39)x10"° (3.01+0.75)x107°
200 K (7.76 £0.28) x10™° (422 +043)x107° (4.10+099) x107°
300 K (7.70 £ 0.32) x 107> (445 +0.34) x107° (7.22+ 1.57) x 10~°
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Figure 4-11 The Hall voltage vs. magnetic fields of (a)Re»4Tis, (b)Res; 75Tas 25 and
(c)Reyq0Hfy ; with different temperatures.
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Table VI: Several important parameters of non-centrosymmetric superconductors.

Parameter Re4Tis Rey1.75Ta7 25 Reyq0Hf 1
p(T = 20 K) [uQ em] 125.5 136 148.9
£yee [0 em) 144.06 <153.3 130.56
n [cm™?] 8.56 x 10%? 1.40 x 1073 8.66 x 10%?
£r [eV] 7.08 9.84 7.13
T [sec] 3.31 x 10718 1.86 x 10718 1.54 x 10718
1 [A] 5.23 3.46 2.43
H_(0) [T] 10.75 <9 9.01+0.22
—Hl3l =1 [T/K] 2.7 <2.61 2.34
£ [A] 55.3 > 60.4 60.4 + 0.7
dirty/clean limit dirty limit dirty limit dirty limit
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Figure 12 The resistivity vs. temperature of (a)Re,4Tis, (b)Res; 75Ta7,s, and (c)Reyy oHEy ;.

Insert: zoom in the lower temperature region.
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Figure 13 Hall coefficient vs. temperature of (a)Rey,Tis, (b)Rey; 75Tas,s, and (¢)Reaq oHTy ;.



The Case of MgB,

One of its specific heat measurements points it out that MgB, cannot be defined

by single gap and its magnetic field dependence of electronic specific heat coefficient

y(H) is not proportion to H or 4/H[26]. All the evidences reveal that MgB, is the

multigap nature of the superconducting state. Although multigap superconductor
should be clean limit, MgB, proved to be in the dirty limit[24][25]. Obviously, our

fittings would be a reference. There is no denying that our samples may be two-gap or

anisotropic gap.
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Figure 14 AC/T vs. T. The dashed lines are determined by the conservation of entropy around the

anomaly and used to estimate AC/T.
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Inset: Entropy difference AS by integration of AL /T according to the extended dot line[26].
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