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LaOsSi3 single crystals are synthesized for the first time by an arc melting method. The crystal features a tetrag-
onal BaNiSn3-type structure (space group /4mm) which lacks inversion symmetry along the crystallographic ¢ axis and
is isostructural with the intensively studied Rashba-type noncentrosymmetric superconductors LaRhSi3 and LalrSi3. Un-
like LaRhSi3 and LalrSi3 displaying superconductivity, LaOsSi3 shows only metallic behavior over the measured temper-
ature range of 2 K-300 K. The Sommerfeld coefficient y derived from specific heat is 5.76 mJ-mol~!-K~2, indicating that
LaOsSij3 has a weak electronic correlation effect. The absence of superconductivity in LaOsSi3 may lie in the Os 5d bands
in the electronic structure. If it is true, it would be useful to provide complementary knowledge in understanding the relation
between conduction and the d bands of M in LaMSi3 compounds (M = transition metals).
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1. Introduction

Most superconductors have inversion symmetry in a crys-
tal structure, and the superconducting state can therefore be
classified into being either symmetric or antisymmetric (triplet
or singlet) paring, because an inversion with respect to the ori-
gin in momentum space can at most change the sign of the
pair function. By contrast, when the structural inversion sym-
metry is absent such as in CePt3Si, the pair function will be
neither a pure spin-singlet nor a pure spin-triplet pairing but
a singlet—triplet mixed state.!!>] In such a case, the pairing
mechanism will be somewhat unconventionally entangled mi-
croscopically, showing the different manners for treating spin
and orbital parts in the pair function. Specifically, as a result
of the absence of inversion symmetry in noncentrosymmetric
superconductors, strong antisymmetric spin—orbit interaction
(ASOI) will be produced, which will remove spin degener-
acy of conduction band and hence the spin and orbital parts
of pair function could not be treated independently as those
in centrosymmetric superconductors.'’] Moreover, due to the
singlet—triplet mixed paring of spins and orbits, the supercon-
ducting gap function of a noncentrosymmetric superconduc-
tor should be accordingly modified. Furthermore, the ASOI
is also capable of splitting the spin-up and spin-down energy
bands, thus leading to a split Fermi surface and hence the
“unconventional” Cooper pair formed by two electrons con-
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tributed by different Fermi surfaces corresponding to spin-
up and spin-down bands.* In order to elucidate the relation
between unconventional superconductivity and the breaking
of inversion symmetry, noncentrosymmetric superconductors
have become a hot research subject in the condensed matter
physics. Subsequent to the discovery of superconductivity in
CePt3Si, an array of Ce-based analogues including CeT'Siz (T
= Co, Ru, Rh, Pd, Os, and Ir),>%! CeMGe; (M = Fe, Co, Rh,
and Ir)[7! were discovered and have been intensively studied.
The appearance of superconductivity in the vicinity to mag-
netic orders in these compounds is highly reminiscent of that
in iron-based superconductors,®°! in which the superconduc-
tivity competes or collaborates with a long-range antiferro-
magnetic (AFM) spin-density wave (SDW). However, mag-
netism and superconductivity in Ce-based compounds likely
arise from itinerant 4f electrons, thus impeding the extrac-
tion of exact relation between superconductivity and inversion
symmetry breaking. In this regard, those noncentrosymmetric
superconductors containing no active f electrons are necessary.

The AMSi3 (A =La, Ca, Sr, Ba; M = Co, Rh, Ir, Ni, Pd, Pt)
compounds are isostructual with CePt3 Si,19 whereas the su-
perconducting behaviors are apparently different, not only be-
cause of the indispensable role of high pressure in inducing the
superconductivity, which, though, is necessary for Ce-based

compounds, but also due to the practical absence of magnetic
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ordering precursory, the superconductivity which indicates a
more conventional paring mechanism. Among AMSi3 com-
pounds, LaRhSi; (T, = 2.6 K) and LalrSi3 (7. = 0.77 K) can

1151 whose inversion

be categorized into the Rashba-type,!
symmetry breaking is only along one direction, i.e., the crys-
tallographic ¢ axis. The two compounds exhibit metallic be-
haviors in their normal state and weak-coupling full-gap be-
haviors in the superconducting state. However, origins of the
different values of 7; in the two compounds remain unclear
yet, which likely has a close relation with the d bands of M
in the electronic structure. To confirm the hypothesis, more
clues from other 4d and 5d analogues are desired. Another
candidate of Rashba-type compounds, the 5d LaOsSi3, was
reported many years ago whereas its structural and physical
properties have not been available up to now due to the diffi-
culty in high-quality sample synthesis. A systematic study on
LaOsSis3 towards well understanding the relation between su-
perconductivity and the M metals is necessary, which would be
helpful for achieving a generic picture between the supercon-
ductivity and the electronic structure of such compounds. In
this study, a single crystal of LaOsSij3 is successfully prepared
with the arc melting method. The structural and the electronic
and magnetic properties are studied by single crystal X-ray
diffraction, magnetic susceptibility, isothermal magnetization,
resistivity, and specific heat measurements.

2. Experiment

LaOsSis crystals were prepared by using the arc melting
method in a water-cooled copper hearth, starting from stoi-
chiometric high purity elements, La (3N), Os (4N), and Si
(4N). The operation was protected by high purity argon gas.
In order to improve the sample homogeneity, the melted sam-
ple was turned over and re-melted several times. The weight
loss during these procedures was less than 0.3%. The crystals
were obtained by extracting the surface of the ingot.

The composition of the crystal was checked by using the
energy dispersive X-ray (EDX) equipped on a HITACHI S-
4800 scanning electron microscope (SEM). Phase purity was
examined by a SHIMADZU XRD-7000 X-ray diffractometer
at 296(2) K with Cu K (A = 1.540596 A). X-ray diffraction
(XRD) data were recorded in a 260 range of 10°-80° in steps
of 0.02°. The current and voltage used to generate the X-ray
were 40 mA and 40 kV, respectively. The single crystal XRD
spectrum was measured on a Bruker SMART APEX II diffrac-
tometer using Mo K, radiation (A =0.71073 A). The software
SAINT+ and XPREP were used for data acquisition, extrac-
tion/reduction, and empirical absorption correction.[!%-17]

The electrical resistivity (p) of LaOsSi3 crystal was mea-
sured by using a standard four-probe technique with a gauge
current of 0.01 mA. Platinum wires and silver paste were used

to make electrical contacts. The measurement was conducted
by cooling the sample from 300 K to 2 K on a commercial
PPMS (Physical Properties Measurement System) from QD
(Quantum Design). The specific heat (C;,) was measured by a
time-relaxation method between 2 K and 300 K on the same
apparatus. About 15.0-mg small crystals were collected for the
use. The direct current (DC) magnetic susceptibility () was
measured on a commercial instrument consisting of a SQUID
(superconducting quantum interference device) magnetometer
from QD between 2 K and 300 K in an applied magnetic field
of 50 kOe (1 Oe=79.5775 A-m~!). The zero field-cooled
(ZFC) and field-cooled (FC) modes were adopted for the mea-
surement. The field dependence of isothermal magnetization
was measured between +50 kOe and —50 kOe at 2 K and
300 K on the same apparatus. To obtain the accurate infor-
mation from sample, magnetic moment of the copper sample
holder was also measured independently in the same tempera-
ture range and eventually deducted from the total magnetiza-

tion.

3. Results and discussion

A scanning electron microscope image of the typical
LaOsSi3 crystal is shown in the inset of Fig. 1. The crys-
tal has a mirror-like smooth surface except for several small
stages which may indicate multiple orientations. Typical crys-
tal size is about 800 pmx200 pmx30 pm. Average ratio of
the composition derived from EDX characterization is close to
nominal composition ratio, implying stoichiometry (or nearly
stoichiometry) of the obtained crystal. The single crystal XRD
patterns for LaOsSi3 are presented in Fig. 1, showing main c-
axis orientation with very sharp Bragg reflections. The major
diffraction peaks match well with a tetragonal BaNiSn3-type
structure (space group I4mm, No. 107). Besides, other peaks
possibly arising from unknown impurities are also observed.
The calculated lattice parameter ¢ by using Powder X software
is about 9.9719 A.[18]
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Fig. 1. (color online) Room temperature XRD patterns of the LaOsSi3
crystal with the main Bragg reflection being indexed. Inset shows an
SEM picture of a selected crystal.
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To obtain more detailed information about the crystal
structure of LaOsSi3, structure refinement using the program
SHELXL-97!"! by a full-matrix least-square method was per-
formed on basis of single crystal XRD data. The best solu-
tions were achieved by using an initial model of LalrSiz, and
the results are summarized in Tables 1-3. The sufficiently
small R factors (Rr = 0.0561, Ry, = 0.1445) guarantee the re-
liability of the refinement. The yielded lattice parameters are
a=4.2787(6) A and ¢ =9.967(2) A. The obtained lattice con-
stant c is slightly smaller than the value calculated from pow-
der XRD data. The refined occupancy of La is at the 2a site
(0, 0, 0.3418(3)); Os is at the 2a site (0, 0, 0.6865(2)); Si(1)
at the 2a site (0, 0, and 0.9187(2)); Si(2) at the 4b site (1/2,
0, and 0.5803(3)). The arrangement of the atoms is in good
agreement with that in a BaNiSn3-type structure. To show a
direct comparison between LaOsSi3 and other LaMSiz com-
pounds, their lattice parameters are summarized in Table 4.
For LaOsSi3, the lattice parameter c is slightly larger than
those of other LaMSiz compounds, which is likely to be due
to the different ionic radii between Os and other M elements.
The positional parameters, the selected bond distances, and
the bond angles obtained using the program STRUCTURE
TIDY "1 are also listed in Tables 2 and 3, respectively. Com-
pared with those of other LaMSis, the values are neither un-
usually large nor unusually small. Overall, the refinement re-
sults indicate that the crystal structure of LaOsSi3z does not
vary much as compared with those of other LaMSi3; com-

pounds.

Table 1. Crystal structure refinement results for LaOsSi3.

Empirical formula LaOsSi3
Formula weight/(g/mol) 413.38
Temperature/K 296 (2)
Wavelength/A 0.71073
Crystal system tetragonal
Space group I4mm (107)
Unit-cell dimensions

alA 4.2787(6)

/A 9.967(2)

Cell ratio a/b=1.0000, a/c = 0.4293
Cell volume/A3 182.47(2)

z 2

Calculated density/(g/cm?) 7.52341
Crystal size/mm> 0.8x0.2x0.03
plem™! 47.054

R(F)* 0.0561

Rw (F2)° 0.1445
Refinement software SHELXL-97

*R(F) = L ||| = |E||/ L |Fo| for F§ > 20 (Fy).
R, (F2) = { Lw(F2 — F2)?]/ £ wF4}'/? for all data.
w™!l = 62(F2 4 (zP)?, where P = (Max(F2,0) +2F2)/3.

Table 2. Atomic coordinates of LaOsSis.

Atom Wyck. X y z Ueq/A2
Os 2a 0 0 0.6865(2) 0.0129(2)
La 2a 0 0 0.3418(3) 0.0092(2)
Sil 2a 0 0 0.9187(2) 0.0065(7)
Si2 4b 172 0 0.5803(3) 0.0162(7)

Table 3. Selected bond distances and bond angles of LaOsSi3.

Bonds Bond distance/A Bonds Bond angle/(°)
Os-Sil 2.313(4) x 1 La—Os-Sil 62.91(2)
Os-Si2 2.387(6) x 4 La-Os-Si2 68.8(2)
La-Sil 3.121(4) x 4 Sil-0s-Si2 116.3(3)
La-Si2 3.199(10) x 4

La—Os 3.398(2) x 4

Table 4. Values of lattice parameters, electronic specific coefficient , and superconducting transition temperature 7;. in
LaT Si3 ternary system (7 = Os, Rh, Pd, Ir) with the BaNiSn3-type structure.

Compound alA bIA y/mJ-mol~!-K? Op/K Tc Reference
LaOsSi3 4.2787 9.967 5.76 375 This work
LaRhSij3 4.2693 9.8292 6.04 357 2.16 Ref. [10]
LaPdSi;3 4.352 9.661 53 354 2.6 Ref. [14]
LalrSi3 4278 9.83 45 225 0.77 Refs. [1] and [11]

The structural view of LaOsSiz based on the refined pa-
rameters is schematically drawn in Fig. 2. The network is con-
structed in a similar manner to BaNiSn3, which lacks a mirror
plane. A two-fold axis is normal to the crystallographic ¢ axis
(z axis). The crystal structure can be basically described by
a sequential arrangement of the La—Os—Si(1)-Si(2)-La—Os—
Si(1)-Si(2)-La planes along the ¢ axis. The stacking struc-
ture could be compared with other two known body-centered-

tetragonal structures, i.e., ThCr,Si,- (space group: 14/mmm)
and CaBe;Ge;-types (space group P4/nmm), whose stacking
sequences are Th—Cr—Si—Cr—Th and Ca—Ge-Be-Ge—Ca, re-
spectively. The structure of LaOsSi3 can therefore be regarded
as an ordered variant of the centrosymmetric ThCr,Sis-type
structure. Since the structure of BaNiSn3-type was already

[20]

intensively studied previously,'“”! it will not be discussed in

detail herein.
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Fig. 2. (color online) A structural view of LaOsSi3.

Figure 3 shows the temperature-dependent p(7T') of
LaOsSi3 in a temperature range between 2 K and 300 K.
Unfortunately, no superconductivity was detected with cool-
ing down even to 2 K. Instead, the p(T) displays a mono-
tonic decrease upon cooling, indicating a metallic behavior
(dp/dT > 0). It is obvious that the room temperature resis-
tivity p(300 K) is rather small, which is only ~ 28.44 uQ-cm.
A close inspection to the p(T) data can reveal an almost sat-
uration behavior of p(T) below 10 K with a nearly constant
value of about 1.875 pQ-cm. We plot the p(T) data by using
the Fermi-liquid model with the formula p(T) = po; +AT>.
Satisfying plot could be achieved only above 230 K, which is
shown in the inset of Fig. 3, revealing a non-Fermi-liquid be-
havior at low temperature. Instead, similar to other analogues,
the p(T') of LaOsSis can be well described by the conventional
Bloch—Griineisen (BG) model21-22] with the formula

Xdx

p(T) = po2+ <2i) (g;) /O@D/T (e —D(1—e¥) (D)

where pqy is the residual resistivity arising from static defects

in the crystal lattice as well as the spin-disorder resistivity due
to the disordered magnetic moments, C is the electron—phonon
interaction constant, and @p is the Debye temperature. In
Fig. 3, the fitted curve is presented by empty squares. The
fitting gives pop = 1.87 puQ-cm and thus the yielded residual

resistivity ratio
RRR =p(300K)/p(2K)

is approximately 15, indicative of high-quality of LaOsSi3
crystal and a good metallic conduction. Overall the features
show that the behaviors of p(7') highly resemble those gener-
ally observed in other centrosymmetric superconductors in the
normal state, indicating a basically similar dominated conduc-

tion mechanism. Considering that many similarities between

LaOsSi3 and other LaMSi3, the LaOsSi3 might have a smaller
superconducting transition temperature below 2 K. A further

check by a measurement at low temperature remains neces-

sary.

30

o experimental

BG model

20

10

p/Q-cm

0 25 50 75
T2/10% K2
L

0 100 200 300
T/K

Fig. 3. (color online) Plots of electrical resistivity p of LaOsSiz versus
temperature 7 measured in zero magnetic field. The solid line repre-
sents the fitted result by using the Bloch—Griineisen model. The inset
shows a plot by using the Fermi-liquid model.

The x(T) of LaOsSiz measured in a magnetic field
of 50 kOe is depicted in Fig. 4, and the magnetization
is apparently very weak over the measured temperature
range. The value of (2 K), for example, is only about
1.3x10™* emu-mol~!-Oe~!.

between the ZFC and FC curves. These facts indicate that

There is no visible difference

the LaOsSi3 is not magnetically active. The y(T') displays a
typical paramagnetic behavior without showing any anoma-
lies signifying the magnetic orderings, which can be further
confirmed by failing to plot the reciprocal ¥ ~!(T) according
to the Curie-Weiss law. The isothermal magnetization M (H)
data collected at 2 K and 300 K are presented in Fig. 5. Though
an “S” shape profile is observed at 2 K, no obvious hysteresis
loop is visible, and the curve becomes almost linear at 300 K.
The negative y(T') above 60 K, as well as the drop of M(H) at
high magnetic fields, might arise from impurities which were
actually detected by the single crystal XRD.

x/1075 emu-mol~Oe~1!

|
-
=}

100 200 300
T/K

Fig. 4. (color online) Plots of magnetic susceptibility ) versus 7 of
LaOsSi3 measured in 50 kOe.
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Fig. 5. Values of the field-dependent isothermal magnetization M of
LaOsSi3, measured at 2 K and 300 K, respectively.

To extract more information about the measured magne-
tization, the nonmagnetic metal model is used for the analysis
which is expressed by

X = Xcore T Xp + XL, 2

where Y core represents the diamagnetic term generated by the
core electrons, xp is the bare Pauli paramagnetic spin suscep-
tibility of conduction electrons, and ) is the Landau—Peierls
diamagnetic susceptibility from orbital motion of conduction
electrons. The Ycore 1S about —2.12 X 10~* emu-mol~! ob-
tained from the atomic diamagnetic value in Ref. [23], and
2p = UAN(EF) =~ 7.77 x 107> emu-mol ! in Ref. [24], where
Up is the Bohr magnetron and N(Ep) could be derived from
measured specific heat presented later. The Y can be esti-

mated from the following relation: >!
1/ me 2
XL = 3\ Xp, 3)
m
where me/m* is set to be 1, thus giving ), = —2.59 x

1073 emu-mol~!. The sum of Xcore> Xp» and yp is —1.61 x
10~* emu-mol~! at 2 K. This value is apparently smaller than
the experimental one, indicating other contribution source,
most likely from the impurities.

The practical absence of magnetic orders and struc-
tural transitions can also be demonstrated by the Cp,(T)
The C,(300 K) is ap-
proximately 115 J-mol~!-K~!, close to the value estimated

of LaOsSi; presented in Fig. 6.

from the classical Dulong—Petit heat capacity C, = 3nR ~
124.7 J-mol~'-K~! for LaOsSis,[*! where n = 5 is the num-
ber of atoms per formula unit and R is the molar gas constant.
The C,(T') changes rather monotonically with the decrease of
temperature without showing anomalies caused by magnetic
and structural transitions. The inset shows the C,(T') /T versus
T2 plot of the low temperature data in both H = 0 and 70 kOe.
The linear dependences for all specimens are well within a De-
bye approximation. Furthermore, the two sets of data coincide
very well, also indicative of a nonmagnetic nature of LaOsSi3.

In a low temperature limit, far below the Debye temperature,
the Debye function can be approximated as

Cv ( 127t4nNAkB) -
503 ’

where Cy, n, and Y are the heat capacity at constant volume,

“

the number of atoms per formula unit, and the Sommerfeld
coefficient, respectively. Good agreement can be achieved by
applying Eq. (4) to C,/T versus T2 plot as can be seen in
the inset of Fig. 6. The plots yield ¥ = 5.76 mJ-mol~!-K~2,
indicating finite density of states (DOS) at the Fermi level,
and the electron correlation in LaOsSiz is not very strong.
The 7y value is comparable to those of LaRhSi3 and LaPdSis,
6.04 mJ-mol~!-K~2 and 4.5 mJ-mol~!-K~2, respectively.[*!3]
Moreover, the yielded Debye temperature @p is 375 K, which
is also comparable to those of LaRhSi3 and LalrSis listed in
Table 3, 357 K and 354 K, respectively.[*!3] With the derived
Sommerfeld coefficient ¥, the DOS at the Fermi energy N(EF)
for both spin directions can be estimated by
2

Y= 7/«%N<EF)(1 + Aep)s Q)

where Aep is the electron—phonon coupling constant. (241 At
a first approximation, A, = 0 and N(Ef) is about 2.41
states/(eV-f.u.).

120
LaOsSis
T80t
* ~
— |
= )
|
g 3 .
2 =
O‘L 40 2 10 = 0 kOe
A o 70 kOe
&
< % 40 80
2 2
0 .  TP/K
0 100 200 300
T/K

Fig. 6. (color online) The temperature-dependent heat capacity C), of
LaOsSi3. Inset shows the plots of Cp, /T versus T2 plot of the data mea-
sured in both zero and 70 kOe magnetic fields. The solid lines represent
the least-squares fitting of the data using Eq. (4).

According to previous theoretical calculations on CalrSi3
and CaPtSi3, %! the spin—orbit coupling likely plays a mi-
nor role in determining the transport properties, and the near-
Fermi valence bands are primarily derived from the (Ir, Pt) 5d
states with a mixture of Si states. Considering many similar-
ities between LaOsSi3 and the two compounds, the conclu-
sion should be also valid in LaOsSi3. Furthermore, it is also
proposed that despite of a similar band structure, due to the
increased valence electron count and a more localized nature
of Pt 5d band, T. of CaPtSi3 (2.3 K) is smaller than that of
CalrSiz (3.6 K). Within such a framework, LaOsSi3 should
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have a higher T;. because the Os band is more itinerant and the
valence electron count is smaller. However, as listed in Ta-
ble 4, the highest 7; of the La-based series appears in LaPdSi3
whose 7 is however not smallest. These facts possibly indicate
that 7. of the LaMSi3 series does not strongly depend on the
valence electron count as what happened in CaMSi3. On the
other side, considering that LaPdSi3; (7. = 2.6 K) and LaRhSi3
(T. =2.16 K) have higher T; values than LalrSi3 (7, = 0.77 K)
and LaOsSi3 (T, < 2 K or not superconducting), the supercon-
ductivity possibly strongly correlates with the d bands of tran-
sition metals M. The exact relation between the superconduc-
tivity and the M bands in the electronic structure of LaMSi3
should be further systematically investigated to obtain more

decisive conclusions.

4. Conclusions

In this paper, LaOsSi3 crystal is synthesized for the first
time using the arc melting method. Single crystal X-ray
diffraction characterization confirms the tetragonal BaNiSn3-
type structure with lattice parameters a = b = 4.2787(6) A and
¢ =9.967(2) A. Resistivity measurements reveal a metallic
behavior in the temperature range of 2 K-300 K of the crys-
tal. Magnetization characterizations indicate that the magnetic
ground state is essentially paramagnetic. The estimated Som-
merfeld coefficient (5.76 mJ-mol~!-K~?) and Debye temper-
ature (375 K) are all comparable to those parameters of other
LaMSis analogues. The lack of superconductivity in LaOsSi3
over the measured temperature range possibly originates from
the Os 5d bands in the electronic structure, and further theo-
retical calculations on its band structure would be helpful for

yielding useful insights into the properties of LaOsSis.
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