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Characteristics of the phase transition near 147 K in Sr3Ir,Sn;;
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In order to assess the phase transition nature in Sr3lr,Sn;3, we have carried out the electrical resistivity,
Hall coefficient, Seebeck coefficient, thermal conductivity, specific heat, and 11981 nuclear magnetic resonance
(NMR) measurements, mainly focusing on the signatures around the phase transition temperature 7" = 147 K.
The phase transition has been characterized by marked features near 7* in all measured physical quantities.
In particular, the Hall measurement reveals the abrupt change in both magnitude and sign of the charge
carriers below T*, providing strong evidence for the Fermi surface reconstruction associated with this phase
transition. Moreover, the NMR observations indicate the presence of the splitting of the resonance lines below
T* which could be accounted for by the local distortion of the Sn2 icosahedra within the Pm3n phase. The
NMR Knight shift analysis further provides microscopic evidence for the reduction in both Sn 55 and Ir 5d
electronic states near the Fermi surfaces of Sr3IrsSn;;. With respect to these observations, it suggests that the
strong interplay between electronic and structural instability is responsible for the peculiar phase transition in
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I. INTRODUCTION

Sr3Ir4Snj; has been found to be a superconductor with a
superconducting transition temperature 7, of about 5 K, and its
superconductivity has been characterized by a strong-coupling
BCS scenario with an isotropic s-wave paring symmetry [1].
This material has been of current interest due to indications
of a possible charge-density-wave (CDW) phase transition
at T* = 147 K. The CDW-like features manifest themselves
by a distinct hump in the electrical resistivity and a sudden
drop in the magnetic susceptibility near 7* [2]. Moreover,
Klintberg and coworkers noted weak superlattice reflections in
the single-crystal x-ray diffraction (XRD) data of Sr3IrsSnys
below T* [2]. Such an observation has been associated with
the structural distortion from a simple cubic to a body-
centered cubic superstructure with almost doubling of the
lattice parameter, presumably related to the formation of the
CDW [2].

The titled compound of Sr3IrsSn;; crystallizes in a three-
dimensional (3D) YbsRhsSnj3-type structure (space group
Pm3n) at room temperature [1,2]. While there is general
agreement that the CDW in 3D crystal structures arises from
the modulation wave vectors along particular directions driven
by Fermi-surface nesting, CDW transitions in 3D systems
are not ubiquitous. Several ternary rare-earth transition-metal
silicides (R5M4Si o) and nickel-based carbides (RNiC,) have
been classified as the 3D CDW members [3—18]. Among these
compounds, LusIrsSijo is a well-studied prototype [3—10].
Pronounced anomalies observed in the thermal and electrical
transport measurements of LuslrsSijo have been realized
by the Fermi-surface reconstruction along with the CDW

“cslue @mail.ncku.edu.tw
fliminwang @ntu.edu.tw
tykkuo@mail.ndhu.edu.tw

1098-0121/2014/89(9)/094520(6)

094520-1

PACS number(s): 74.70.Dd, 71.20.Be, 71.45.Lr, 76.60.—k

ordering [3-9]. With this respect, the examination of the
change of electronic features, especially focusing on the
temperature region in the vicinity of 7*, would be essential to
elucidate the intriguing phase transition in Sr3IrsSn;s.

In this work, we performed a detailed study of single-
crystalline Sr3IrySn;; by means of the electrical resistivity
(p), Hall coefficient (Ry), Seebeck coefficient (§), thermal
conductivity («), specific heat (Cp), as well as '”Sn nuclear
magnetic resonance (NMR) measurements to shed light on the
nature of the phase transition. Anomalous features near 7* =
147 K have been discerned in the temperature dependencies of
these measured physical quantities. The NMR characteristics
are in good agreement with the lattice distortion scenario and
further provide microscopic evidence for the reduction in both
Ir 5d and Sn 5s electronic states below T*. Remarkably, the
observed phase transition behavior in Sr3Ir4Sn3 bear a striking
resemblance to a CDW ordering in many aspects.

II. RESULTS AND DISCUSSION

Single crystals of Sr3IrySn;; were grown by the Sn self-
flux method. High-purity elements were mixed in the molar
ratio of Sr:Ir:Sn = 2.5:1:25 and sealed in an evacuated quartz
tube. The tube was heated up to 1323 K and then cooled to
773 K over 72 h. The excessive Sn flux was etched in diluted
hydrochloric acid. The obtained crystals have dimensions of
several millimeters. A room-temperature XRD measurement
taken with Cu K, radiation on the powdered single-crystal
specimen was identified within the expected Pm3n phase.
The lattice constant a = 9.7964 A was determined for our
Sr3Ir4Snj3 sample, close to the previously reported value [2].
For the transport measurements, the electrical current flows
along the direction perpendicular to the (110) plane of the
crystal, which has been confirmed by the XRD with the result
shown in the lower inset of Fig. 1.
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FIG. 1. (Color online) Electrical resistivity o as a function of
temperature for Sr3Ir,Sn ;3. The upper inset displays a plot of p vs T2,
showing a linear relation between 5 and 30 K. The lower inset gives
a room-temperature single-crystal x-ray diffraction pattern from the
(110) plane of Sr3Ir,Sn;3. Reflections are indexed with respect to the
YbsRh,Sn3-type structure (space group Pm3n).

A. Electrical resistivity

Data of the electrical resistivity o were obtained using a
standard four-point probe method. The observed electrical
resistivity for Sr3IrsSny3 is displayed in Fig. 1. The temperature
dependence of p is very similar to that reported by Klintberg
et al. [2], showing a distinct hump near 7* = 147 K and a
superconducting phase transition below 7, = 5 K. The normal
state resistivity between 5 and 30 K can be described well to a
power law,

p(T) = p, + AT?, ey

where p, is the residual resistivity and A is the temperature
coefficient of the electric resistivity. In the upper inset of Fig. 1,
we showed the plot of p vs T2, with the linear relation yielding
Po=1.93 Q2 cm and A = 0.009 1 cm/K?. The residual
resistivity p, may arise from the scattering due to domain
boundaries and/or defects by electrons. The small value of p,
indicates the high quality of the present single crystal and gives
an estimate of the residual resistivity ratio [RRR, p(300K)/p,]
of about 18.4 for our single-crystalline Sr3IrsSn;;.

It is instructive to mention that the electron-electron
scattering rate at low temperatures should grow as T2 in
the Fermi liquid picture. The Kadowaki-Woods ratio A/y?
is usually used to determine the strength of the electronic
correlation of the studied system [19]. Taking A = 0.009
w2 cm/K? and the low-temperature specific heat coefficient
¥ = 39.3 mJ/mol K? obtained by Kase et al. [1], we found
A/y? =0.58 x 107> 1 cm/(mJ/mol K?)? for Sr3Ir,Snjs.
Enhancement of y can be due to electron-phonon and electron-
electron effects. Based on the reported electron-phonon
coupling constant A., = 0.983 and the recent band-structure
calculated Fermi-level density of states (DOS) of approxi-
mately 12.5 states/eV f.u. [1,20], we deduced the electron-
electron enhancement term to be A., = 24.8, leading to the
electronic specific heat coefficient y, = 37.8 mJ/mol KZ.
Thus, it is more realistic to use y, for calculating the Kadowaki-
Woods ratio, yielding the ratio of A/ yez =0.63 x 1075 uQ
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cm/(mJ/mol K?)? for Sr3IrsSnjs. This value is found to
be comparable to those of heavy fermion systems [21],
indicating the importance of the strongly correlated effect
on the low-temperature state of Sr3lrySn;;. Here, we also
demonstrated that the large y value is mainly enhanced by
the electron-electron effect.

It is worthwhile comparing these results to those of
CazlIrySny3 which exhibits superconducting behavior below
T. =7 K and anomalous features at 7* = 38 K [22-26].
Yang et al. estimated A/y? = 1.14 x 1075 uQ cm/(mJ/mol
K?)? for CasIrySnyz [22], very close to the value originally
identified as characteristic of heavy fermion materials [27].
It is interesting that the band-structure-calculated Fermi-level
DOS of 12.5 states/eV f.u. and the extracted low-temperature
specific heat coefficient y = 39—41 mJ/mol K for CasIr;Sn;3
are almost the same as those of Sr3lrySn;z [20,22,24].
Therefore, this comparison provides evidence for the strong
electron-electron correlation on the low-temperature state of
CazlIrySny3, similar to the present case of Sr3IrySn;3.

B. Hall coefficient

For the Hall coefficient measurement, the single-crystal
slabs with a flat surface of crystalline (110) plane were cut
into dimensions of 2.5 x 0.8 x 0.08 mm?. Five leads were
soldered with indium and a Hall-measurement geometry was
constructed to allow simultaneous measurements of both
longitudinal (o) and transverse (Hall) resistivities (o,,) using
standard dc techniques. The contact size was miniaturized as
small as possible (<0.2 mm) to avoid large inaccuracy in
the determination of resistivities. Hall voltages were taken in
opposing fields up to 6 T and with an in-plane current density
of about 60 A/cm?.

Figure 2(a) shows the temperature variation of the Hall
coefficient Ry for Sr3IrySn;; measured at a constant field
H =3 T. The negative sign in Ry at temperatures above
150 K indicates that the electron-type carriers dominate its
electrical transport. Upon further cooling, a sharp change
in Ry accompanying with a sign change takes place below
T*. The strong temperature dependence of Ry suggests a
multiband character of the Fermi surfaces. Here a simple
two-band picture is sufficient for the realization of the Fermi
surface structure as

Ry = % Rt 0 Ry X, )

(0w +0p)?

where R, , and o, , represent the Hall coefficients and
electrical conductivities for the n- and p-type carriers from
electronic and hole bands, respectively. In principle, each
parameter is governed by the scattering relaxation time which
varies differently with temperature. At low temperatures,
the p-type carriers have a dominant contribution, leading
to a positive sign in Ry. A noticeable downturn in Rpy
appears below 25 K, implying that multiscattering channels
are involved. A similar peak feature prior to 7, has been
reported in the strong coupling superconductor of SrPt;P [28],
suggesting that the joined scattering mechanism plays an
important role for the unconventional superconductivity in this
material. Such a scenario could be appropriate to the present
case of Sr3IrySnys.
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FIG. 2. (Color online) (a) Hall resistivity as a function of tem-
perature for Sr3lrsSn;; measured at H =3 T. The inset shows
the temperature dependence of the Hall carrier concentration.
(b) Magnetic field dependence of the Hall resistivity p,, at various
temperatures. Each dashed straight line represents linear behavior.

We also carried out the magnetic field dependence of the
transverse Hall resistivity oy, for Sr3Ir4Sn;3 below and above
T*. As displayed in Fig. 2(b), the plot of the p.,-H curve
shows conventional linear behavior for each temperature,
confirming the absence of anomalous Hall effects in the present
experiment. The inset of Fig. 2(a) illustrates the temperature
dependence of the Hall carrier concentration ny, obtained
from 1/(Rpye). The magnitude of ny was estimated to be about
10?* cm~3 at room temperature, indicative of the high carrier
density for Sr3IrsSn;3. The prominent change in both sign and
magnitude of ny appears near 7*, providing strong evidence
for a significant change of the electronic band structure
across the phase transition. Therefore, the reduction in ngy
could be realized as Fermi surface nesting associated with
the superlattice distortion. The abrupt decrease in the carrier
density below T* has also been found in the isostructural
compound of CaszIrsSn,3, suggesting a similar phase transition
mechanism for both systems [24].

C. Seebeck coefficient

Seebeck coefficient and thermal conductivity experiments
were simultaneously performed in a closed cycle refrigerator
using a heat pulse technique. Further details about the
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FIG. 3. (Color online) Temperature dependence of the Seebeck
coefficient S for Sr3Ir,Sny3. The arrow indicates the position of 7*.

experimental techniques for these measurements can be found
elsewhere [29]. It is known that the Seebeck coefficient is a
sensitive probe for the phenomenon associated with changes in
the Fermi surfaces, such as CDW ordering and crystallographic
distortion [6,30]. The plot of the measured Seebeck coefficient
as a function of temperature for Sr3Ir4Sn;3 is given in Fig. 3.
As one can see, the strong temperature variation of § gives
evidence for the presence of a multiband effect. We thus
employed a two-band model as in the case for the Hall
coefficient analysis as

_ 0,8, +0,S,

on + 0,

i

where S, , are the Seebeck coefficients for the n- and p-type
carriers, respectively. For T < T*, the positive sign of §
signifies that the hole-type carriers dominate the thermo-
electric transport, being consistent with the observation from
the Hall measurement. With raising temperature above T,
a drastic change in the feature of S has been noticed. This
phenomenon can be understood by an increasing contribution
from the n-type carriers, indicating substantial modification in
the Fermi surfaces across the phase transition. It is worthwhile
mentioning that the present S feature is quite similar to that
of SmNiC, [16], which has been identified as a 3D CDW
system [13—18]. The comparison thus suggests the possible
CDW ordering associated with the observed phase transition
in Sr3IrySnys.

D. Thermal conductivity

Figure 4 illustrates the temperature dependence of the
observed thermal conductivity « for Sr3Ir4Sn3. In the vicinity
of T*, aclear drop in k, indicated by an arrow, was observed. In
principle, the total thermal conductivity for an ordinary metal
is a sum of electronic and lattice terms. The electronic thermal
conductivity («,) can be evaluated using the Wiedemann-Franz
law k.p/T = L,, where p is the experimental dc electric
resistivity and L, = 2.45 x 1078 WQ K2 is the theoretical
Lorenz number. The extracted T-dependent «, for Sr3IrySn;3
above 50 K is displayed in Fig. 4. Remarkably, «, also exhibits
akink at around 7%, and the feature is identical to the observed
k. This analysis thus provides a confirmation that the drop in «
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FIG. 4. (Color online) Temperature variation of the total thermal
conductivity « for Sr3IrsSn;3. The electronic thermal conductivity «,
was evaluated using the Wiedemann-Franz law. The lattice thermal
conductivity «; was obtained by subtracting «, from the experimental
k. The arrows highlight the position of 7*.

near T* is essentially caused by the reduction of the electronic
contribution.

The lattice thermal conductivity (k. ), obtained by subtract-
ing k., from the experimental «, is presented in Fig. 4. It is
clear that a small peak in « is discerned in the vicinity of
T*. Similar observations have been reported in the CDW
superconductors of LusIrySijg and LusRhySijg [6,31]. The
excess k7, has been attributed to the considerable heat carried
by the soft phonons during the phase transition. Such a scenario
could be appropriate for the present case of Sr3lrsSnis. As
a matter of fact, the calculated phonon dispersion indicated
several soft phonon modes are responsible for the structural
distortion associated with T*of Sr3IrsSn;3 [20].

E. Specific heat

Specific heat measurement was performed with a high-
resolution ac calorimeter, using chopped light as a heat
source. Further details about the experimental techniques
for these measurements can be found elsewhere [6]. The
temperature-dependent specific heat of Sr3IrsSn;; is shown
in Fig. 5. A spiky feature in C,, demonstrates the appearance
of a sharp phase transition at 7% = 147 K. The absence
of thermal hysteresis indicates that this transition is second
order or weak first order in nature. To evaluate the change
of the entropy associated with the phase transition, we first
determined the specific heat jump AC, 2~ 20.2 J/mol K by
subtracting a smooth background, estimated by fitting the
lattice specific heat through the experimental data far from
the transition region. This also reveals an excess specific
heat AC,/C, >~ 14% at T*. The temperature dependence of
AC,/T around the phase transition is shown in the inset of
Fig. 5. A large entropy change of AS >~ 0.17R (where R is
the ideal gas constant) was obtained by integrating AC,/T
through the entire transition region.

It is worthwhile comparing these results to those of
LusIrsSijg, which also exhibits a huge specific heat jump near
its CDW phase transition temperature of about 83 K. The
values of AC, 2~ 55 and ~160 J/mol K have been reported
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FIG. 5. (Color online) Temperature variation of the specific heat
Cp for Sr3Ir,Sny;. The absence of thermal hysteresis near 7* indicates
the second-order nature of this phase transition. The dashed curve
represents the background estimated by fitting the lattice specific
heat through the experimental data far from the transition region.
Inset: A AC,/T vs T plot in the vicinity of T7*.

for the polycrystalline and single-crystalline LusIrsSijo [5,6].
The corresponding large entropy changes AS ~ 0.17R and
~0.5R lead to the conclusion that the nature of CDW in
LusIrySijg is beyond the mean-field description. Since the
CDW in LuslrsSijo is associated with the lattice distortion
within its 3D crystal structure, it seems that the appearance of
a large specific heat anomaly is a common feature among the
CDW materials arising from lattice instability. Therefore, the
exhibited C,, behaviors in Sr3Ir4Sn;3 are reminiscent of those
observed in LusIrySijo, indicative of a similar origin for both
phase transitions.

F. Nuclear magnetic resonance

Nuclear magnetic resonance is known as a site-selective
tool, yielding the local information of structural and electronic
characteristics for the studied material. In this investigation,
NMR measurements were carried out using a Varian 300
spectrometer, with a constant field of 7.0868 T. A home-
built probe was employed for both room-temperature and
low-temperature experiments [32,33]. To avoid the skin depth
problem of the rf transmission power, we used a powder sample
by crushing the single crystals of Sr3Ir4Sn;3. The specimen
was put in a plastic vial that showed no observable ''”Sn
NMR signal.

1198n (nuclear spin 7 = 1/2) NMR spectra which were
mapped out by integrating spin echo signals of various excita-
tions are displayed in Fig. 6. Two ''Sn NMR resonance lines
have been resolved at room temperature. Such an observation
is consistent with the existence of two nonequivalent crystal-
lographic Sn sites, denoted as Snl and Sn2, in the cubic Pm3n
phase. We assigned the high-frequency line to Snl since the
Snl atoms occupy the axially symmetric 2a site (in Wyckoff
notations). On the other hand, the Sn2 atoms reside at the
24k site, which is nonaxially symmetric, and the recognizable
NMR line shape exhibits two distinctive shoulders due to
anisotropic Knight shift effects. The simulated line shapes for
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FIG. 6. (Color online) Evolution of '"Sn NMR spectrum of
Sr3IrySny; measured at various temperatures. Above T*, each
spectrum shows resolved contributions from two Sn sites. The dotted
curves at 297 K are simulated results for the Snl and Sn2 sites,
respectively. Distinctive Sn2-1 and Sn2-II NMR resonance lines
appear in the spectra at low temperatures. The simulated curves at
77 K represent isolated components for the Snl, Sn2-I, and Sn2-1I
sites, respectively.

both Snl and Sn2 sites were plotted as dotted curves beneath
the data points taken at 297 K. Note that the line-shape areas
for Snl and Sn2 agree with a ratio of 1:12, according to their
site occupations within the Yb3;RhySn3-type structure.

To gain more insight into the evolution of the line shape
across the phase transition, we provide several representative
spectra taken below and above T*. It is apparent that the
linewidth does not exhibit a dramatic broadening at low
temperatures, signifying the nonmagnetic origin for this phase
transition. Below T, the Sn2 site splits into two peaks, labeled
as Sn2-I and Sn2-1II, respectively, indicating the occurrence of
two different Sn2 atomic environments. The observed line
shape can be reproduced from simulation, shown as dotted
curves beneath the data points at 77 K. However, the number
of the observed peaks is less than that of the nonequivalent
crystallographic Sn sites revealed from the analysis of low-T
XRD [2]. Accordingly, there are four nonequivalent Sn2
sites due to the distortion of the Sn2 icosahedra within the
Pm3n phase. It is not clear why these values differ, but it
is possible for these to be reconciled if the corresponding
spin susceptibility among some Sn sites is similar, leading
to partially unresolved NMR line separation as observed.
Alternatively, the additional Sn2 NMR line below 7*could be
a consequence of the CDW formation. In the commensurate
CDW phase, the appearance of one or more NMR splitting
lines is expected because of the influence of the periodic
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FIG. 7. (Color online) Temperature-dependent  '®Sn NMR
Knight shifts for Sr3IrySn;;. The dashed vertical line indicates
the phase transition temperature. The inset shows the magnetic
susceptibility x of Sr3Ir,Sny; in the vicinity of 7*.

modulation in the electronic density on the probed nuclei [34].
Such line splitting behavior has been observed in the well-
established commensurate CDW phase of 2H-TaSe, below
90 K [35-37].

Figure 7 illustrates the temperature dependence of the ''”Sn
NMR Khnight shift 119 ¥ for each Sn site of Sr3IrsSn;3, obtained
from the simulated result of the individual NMR spectrum. The
values of 'K were referred to the !'”Sn resonance frequency
vg = 112.519 MHz, evaluated from the nuclear gyromagnetic
ratio '"’yy /27 = 1.5867 MHz/kOe. The Knight shift here
is a sum of three parts as 'K = Ky, + K + Kgq. The
first term K. is the orbital shift due to the contribution
from the Van Vleck orbital magnetism and the second one
K arises from Sn scharacter electrons. The effect arising
from p electrons can be neglected, due to relatively weak
core polarization from p orbitals [38]. The third term Ky
reflects the Ir 5d electronic behavior through the transferred
hyperfine interaction via conduction electrons. As one can
see, the Knight shifts are almost temperature independent for
both Snl and Sn2 sites as 7 > T*, in good agreement with
the characteristic of a paramagnet. Lowering the temperature
below T*, each Knight shift changes progressively with a rapid
drop, consistent with the feature found in the bulk magnetic
susceptibility x shown in the inset of Fig. 7. Therefore, the
NMR Knight shift analysis provides microscopic evidence
that the reduction in x is partially related to the decrease in
the Sn 5s and Ir 5d electronic states of SrzIrysSn;3. With this
accordance, it indicates that the interplay between electronic
and structural instability is responsible for the peculiar phase
transition in Sr3IrsSnys.

III. CONCLUSIONS

The present investigation shows clear evidence for a
pronounced phase transition in the vicinity of 7* = 147 K in
Sr3IrySn;;. Based on the analyses of the anomalous signatures
in the temperature dependencies of p, Ry, S, and k, near
T*, we obtained a precise picture that the characteristics of
the phase transition are highly associated with the electronic
state reconstruction at Fermi surfaces. In addition, the NMR
observations provide concrete evidence that the Fermi surface
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modification is essentially related to the slight displacement
and/or distortion of the Sn2 atom from its initial position
within the Yb; RhsSnj3-type structure. While the observed
phase transition behavior in Sr3lr4Sn;3 resembles the CDW
formation in many aspects, the unambiguous CDW state in
Sr3IrySn;; will have to wait until there is identification of
charge modulation along a specific wave vector direction by
means of a high-resolution transmission electron microscopy
(HRTEM) [12,39].
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