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Lattice distortion associated with Fermi-surface reconstruction in Sr;Rh;Sn;
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Superconducting Sr;RhsSn;; has been of current interest due to indications of a characteristic phase transition
associated with structural distortions in its normal state. To further shed light on the nature of the phase transition,
we performed a detailed study of single crystalline Sr;RhsSn;; by means of the thermal expansion, electrical
resistivity, Hall coefficient, Seebeck coefficient, thermal conductivity, as well as 1198 nuclear magnetic resonance
(NMR) measurements, mainly focusing on the signatures around the phase transition temperature 7* = 137 K.
The phase transition has been characterized by marked features near 7* in all measured physical quantities. In
particular, the NMR characteristics provide microscopic evidence for the reduction in the electronic Fermi-level
density of states (DOSs) below T*. Based on the analysis of the '?Sn NMR spin-lattice relaxation rate, we
clearly demonstrated that the Sn Ss partial Fermi-level DOS in Sr3RhySn;3 is reduced by 13% across the phase
transition. In this respect, it points to the strong association between electronic and structural instability for the

peculiar phase transition in Sr;RhySn3.
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I. INTRODUCTION

Superconducting stannides with a Yb3Rh4Sn 3-type struc-
ture (space group Pm3n) continue to attract attention in the
field of solid state physics due to indications of unconven-
tional superconductivity and peculiar behavior in the normal
states [1-16]. Among these superconductors, CaszlrsSnjs,
Sr3IrySn;3, and LazCo,sSn;3 are prominent members showing
exotic phase transitions in their normal states [1,3-7,10—
14]. Marked features have been observed near 7T* >~ 35 K,
147 K, and 152 K in CazIrsSn;3, Sr3IrsSn;3, and LazCo4Sn;3,
respectively [1,3,5,7,10-14]. Single crystal x-ray diffraction
(XRD) analysis for Sr3Ir4Snzbelow and above T* reveals the
presence of a structural change, driven by the lattice distortion
with a lattice parameter twice than that of the high-temperature
phase [5]. With respect to the facts that no magnetic origin
involved in the structural transition and a substantial Fermi-
surface reduction below T*, the observed lattice distortion in
Sr3IrsSnj; has been associated with the charge-density-wave
(CDW) instability [5,10,12,13]. The scenario for the lattice
distortion accompanied with the CDW formation below T*
has also been proposed for the isostructural compounds of
Ca31r4Sn13 and La3C04Sn13 [6—8,1 1,16].

The titled compound of Sr3Rh4Sn;3, which also adopts the
Pm3n structure at room temperature, has been found to be a
superconductor with a superconducting transition temperature
T, of about 4.2 K [2,17]. According to the low-temperature
specific heat measurement, Sr3RhySn;3 was categorized as a
strongly coupling nodeless superconductor [2]. A very recent
reexamination of this compound indicates an evident phase
transition at 7* ~ 138 K, along with a spiky peak in the
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specific heat and a distinct hump in the electrical resistivity
near T* [18]. Based on the weak superlattice reflections
in the single crystal XRD data below T*, the observed
phase transition has been interpreted as a structural transition
from cubic Pm3n to 143d, involving crystallographic cell
doubling [18]. Theoretical density functional theory (DFT)
calculations of the phonon dispersion in Sr3Rh4Sn;3 indicated
that the primary lattice instabilities arise from phonon modes
with wave vectors q = (0.5,0,0) at the X point and q =
(0.5,0.5,0) at the M point of the corresponding Brilliouin
zone [18]. In addition, a systematic suppression in T*
accompanied with an enhancement in 7, has been established
by introducing the hydrostatic pressure and chemical pressure
in this material, revealing the important interplay between the
structural distortion and superconductivity in Sr3RhsSn;; [18].

To elucidate the nature of the structural distortion in
Sr3RhySn;3, we carried out various experiments including the
thermal expansion, electrical resistivity (p), Hall coefficient
(Rpy), Seebeck coefficient (S), thermal conductivity (x), as
well as nuclear magnetic resonance (NMR) measurements,
focusing on the temperature region in the vicinity of 7*.
Pronounced features near 7* = 137 K have been discerned
in the temperature dependencies of the bulk properties. The
obtained Hall carrier concentration ny exhibits a prominent
change in both sign and magnitude at around 7*, indicating
a significant reconstruction of the electronic bands across
the phase transition. The Seebeck coefficient, a sensitive
probe of the Fermi surfaces, also implies a modification
of the electronic band structure below 7*. The analysis of
the thermal conductivity suggests that the abrupt change
in « near 7™ is essentially caused by the reduction of
the electronic contribution. The NMR characteristics further
provide microscopic evidence for the decrease in both Rh 4d
and Sn 5s electronic Fermi-level density of states (DOSs)
below T*. With the analysis of the !'Sn NMR spin-lattice
relaxation rate, we clearly demonstrated that the Sn 5s partial
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FIG. 1. (Color online) Temperature dependence of M under
zero-field-cooled (ZFC) and field-cooled (FC) processes for
Sr;RhsSny;. The arrow indicates the superconducting transition
temperature 7, = 4.2 K. The inset gives a room-temperature single
crystal x-ray diffraction pattern from the (110) plane of Sr;RhySn;s.
Reflections are indexed with respect to the YbsRhsSn,3-type structure
(space group Pm3n).

Fermi-level DOS in Sr;Rh4Sn;3 is reduced by approximately
13% across the phase transition.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Single crystals of Sr3;Rh4Sn;3 were grown by the Sn self-
flux method. High purity elements were mixed in the molar
ratio of Sr:Rh:Sn = 1:1.5:11 and sealed in an evacuated quartz
tube. The tube was heated up to 1050 °C, and then cooled to
600 °C over 72 h. The excessive Sn flux was etched in diluted
hydrochloric acid. The resulting crystals have dimensions of
several millimeters. A room-temperature XRD measurement
taken with Cu K, radiation on a single crystalline specimen
was identified within the expected Pm3n phase, with a lattice

constant a = 9.7909 /o% For the transport measurements, the
electrical current flows along the direction perpendicular to
the (110) plane of the crystal which has been identified by the
XRD with the result given in the inset of Fig. 1.

A. Bulk properties

Magnetization (dc) M measurements were carried out
using a SQUID magnetometer measured with a small field
of 10 Oe under zero-field-cooled (ZFC) and field-cooled
(FC) processes. The observed diamagnetic behavior below
T, = 4.2 K confirms the occurrence of superconductivity in
Sr3RhsSn3. Here 7, was taken as the onset of the diamagnetic
response in the magnetization data, as indicated by the arrow
in Fig. 1.

The linear thermal expansivity was measured using a
capacitance dilatometer which was calibrated against standard
copper and aluminum samples. The relative sensitivity of
our dilatometer is about 107! for the sample of similar
dimensions. The determined coefficient of linear thermal
expansion « for SrsRhsSnj3 is illustrated in Fig. 2, and the
inset shows a close-up plot of the thermal expansivity AL/L in
the vicinity of the transition. It is remarkable that a pronounced
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FIG. 2. (Color online) Coefficient of linear thermal expansion «
for Sr; RhySny; as a function of temperature. The dashed line indicates
the phase transition temperature 7* = 137 K. (Inset) Plot of AL/L
vs T in the vicinity of 7*, as indicated by the arrow.

dip in o appears at the onset of the phase transition. We thus
determined the transition temperature 7% = 137 K using the
position of the negative dip for Sr3Rh4Sn;3.

According to the Ehrenfest relation [19], the variation of
the thermal expansion A« can be related to the specific heat
change AC, and the pressure-dependent transition tempera-
ture dT*/dP as

1 (AC,\ [(dT*

a_3v<T*><dP>' )
Substituting the values of Ao ~ —5.6 x 107® K71, AC, =~
30J/mol — K (estimated from Ref. [18]), T* = 137 K, and the
molar volume V = 2.83 x 10~ m?/mol to Eq. (1), it yields
dT*/dP = —2.3 K/kbar which agrees very well with the
experimental result (=~—2.2 K/kbar) taken by Goh et al. [18].
The rather high suppression of 7* under hydrostatic pressure
for Sr3RhsSn;3 suggests that the structural distortion is asso-
ciated with very soft phonon modes. Such a scenario has been
proposed by Tompsett et al. based on their calculations for the
phonon dispersion relation of Sr3RhsSn;; [18]. Accordingly,
the lattice instability accompanied by the soft phonon modes
would play a major role for stabilizing the superconductivity
of this material.

Electrical resistivity obtained using a standard four-point
probe method, as a function of temperature for Sr3Rh4Sn;3 is
displayed in Fig. 3. The temperature dependence of p features
a distinct hump below 7* = 137 K and a superconducting
phase transition at 7, = 4.2 K, being consistent with those
reported in the literature [2,17,18]. The normal state resistivity
between 6 and 30 K can be described well to a power law,

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

where p, is the residual resistivity and A is the temperature
coefficient of the electric resistivity. In the inset of Fig. 3,
we showed the plot of p vs T2, with the linear relation
yielding p, = 8.6 2 —cm and A = 0.014 uQ — 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
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FIG. 3. (Color online) Electrical resistivity p as a function of
temperature for Sr;RhySn;3. The dashed vertical line highlights the
position of T*. The inset displays a plot of p vs T2, showing a linear
relation between 6 and 30 K.

crystal, and gives an estimate of the residual resistivity ratio
[RRR, p(300 K)/p,] of about 7.1 for our single crystalline
Sr3Rh4Sny3. In principle, the magnitude of A can be employed
to judge the strength of the electronic correlation of the studied
system [20]. Taking A = 0.014 uQ — cm/K? and the low-
temperature specific heat coefficient y = 31 mJ/mol — K?
extracted by Kase et al. [2], we obtained the Kadowaki-
Woodsratio A/y? = 1.46 x 107> 4 — cm/(mJ/mol — K?)?
for Sr3Rh4Sn;3. This value is close to those observed in a vari-
ety of known strongly correlated systems [21], which generally
have a Kadowaki-Woods relation A/y? >~ 1 x 107> uQ —
cm/(mJ/mol — K?)2.

For the Hall coefficient measurement, five leads were
soldered with indium and a Hall-measurement geometry was
constructed to allow simultaneous measurements of both
longitudinal (p,,) 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?.

Temperature dependence of the Hall coefficient Ry for
Sr3Rh4Sn; measured at a constant field H = 3 T is shown
in Fig. 4. The negative sign in Ry at high temperatures
indicates that the electron-type carriers dominate its electrical
transport. Upon further cooling, a sharp change in Ry takes
place below T*. The strong temperature variation 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 = 2 0k 3)

(0n + Op )2

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
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FIG. 4. (Color online) Hall resistivity as a function of temper-
ature for Sr;Rhs;Sn;; measured at H = 3 T. The inset shows the
temperature dependence of the Hall carrier concentration ny. Each
horizontal straight line indicates the value of ny.

positive sign in Ry. A noticeable downturn in Ry appears
at around 60 K, implying that multiscattering channels are
involved. Similar peak features have been reported in the d-
electron heavy fermion compound LiV;,QOy, the two-gap super-
conductor Lu,FesSis, and the strong coupling superconductor
SrPt;P [22-24], suggesting the importance of the strongly
correlated effect on the low-temperature state of Sr3RhsSn;s.

The inset of Fig. 4 illustrates the temperature depen-
dence of the Hall carrier concentration ny, estimated from
1/Rye, away from the transition region. We obtained the
values of ngy ~ —5.3 x 1022 cm™3 above T* and ny ~
3.1 x 10?2 cm™3 below T* for Sr3RhySn;3. The prominent
changes in both sign and magnitude of n ;7 indicate a significant
modification of the electronic band structure across the phase
transition. Accordingly, the decrease in the magnitude of ny
could be realized as Fermi-surface reduction associated with
the superlattice distortion. The abrupt decrease in the carrier
density below T* has also been found in Sr3Ir4Sn;3, indicating
a similar mechanism responsible for the phase transition in
both systems [10].

Seebeck coefficient and thermal conductivity experiments
were simultaneously performed in a closed cycle refrigerator
using a heat pulse technique. Further details about the
experimental techniques for these measurements can be found
elsewhere [25]. It is known that the Seebeck coefficient is a
sensitive probe for the phenomenon associated with changes
in the Fermi surfaces such as the CDW ordering and crystallo-
graphic distortion [25-28]. The plot of the measured Seebeck
coefficient as a function of temperature for Sr3;RhsSn; 3 is given
in Fig. 5. As one can see, the strong temperature variation of
S reveals 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

Sy + 0,5y

9
oy + 0,

where S, , are the Seebeck coefficients for the n- and p-type
carriers, respectively. For T < T*, the positive sign of S sig-
nifies that the hole-type carriers dominate the thermoelectric
transport, being consistent with the observation from the Hall
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FIG. 5. (Color online) Temperature dependence of the Seebeck
coefficient S for Sr;RhySn;3. The dashed vertical line indicates the
position of T*.

measurement. In the vicinity of 7%, a drastic change in the
feature of S has been noticed. This phenomenon can be under-
stood by an increasing contribution from the n-type carriers,
indicating substantial modification in the Fermi surfaces across
the phase transition. It is found that the measured Seebeck
coefficient is small but remains positive (<0.5 ©V/K) while
Hall coefficient changes sign to negative above 7*. Such a
finding suggests that the electrical conductivity for the n-type
carrier becomes dominating over the p-type carrieras 7 > T*.
It is noticeable that the S(T) exhibits a broad peak at around
80 K in Sr3Rh4Sn;3. Similar features have also been noted in
Sr3IrySnj; near 110 K and in the CDW systems of Bi,Rh;Se;
and SmNiC; near 95 K and 110 K, respectively [10,29,30].
Since the magnitude of § is inversely proportional to the
electronic DOS at round the Fermi level, the enhancement
in S can be attributed to the decrease in the Fermi-level DOS
below T*, presumably associated with CDW ordering.
Figure 6 illustrates the temperature dependence of the
thermal conductivity « for Sr3RhsSn;;. With decreasing
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FIG. 6. (Color online) Temperature variation of the total thermal
conductivity x for Sr;RhySn;3. The electronic thermal conductivity
k. was evaluated using the Wiedemann-Franz raw. The lattice
thermal conductivity k; was obtained by subtracting x, from the
experimental «.
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temperature, a marked drop in ¥ was observed near T*. 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 Sr3RhsSn 3
is displayed in Fig. 6. Remarkably, . also exhibits a kink at
around T*, and the feature is nearly identical to the observed
k. This analysis thus provides a confirmation that the abrupt
change in « near T* is essentially caused by the reduction of
the electronic contribution for Sr3Rh4Sny3.

The lattice thermal conductivity («x), obtained by sub-
tracting k, from the experimental «, is also given in Fig. 6.
It is worthwhile mentioning that a relatively low room-
temperature k; ~ 1.58 W/m — K was found. Such a result
can be realized as the enhanced phonon scattering due to
the cagelike crystallographic structure for Srz3RhsSn;;. The
reduction in « is plausibly suppressed by the rattling of the
loose atoms within the crystallographic cages.

B. 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 materials [31-33]. In this
investigation, NMR measurements were carried out using a
Varian 300 spectrometer, with a constant field of 7.0868 T.
To avoid the skin depth problem of the rf transmission power,
we used a powder sample by crushing the single crystals of
Sr3RhsSn;3. The specimen was put in a plastic vial that showed
no observable ''°Sn NMR signal.

19Sn (nuclear spin I = 1/2) NMR spectra which were
mapped out by integrating the spin echo signal of various
excitations, are displayed in Fig. 7. Within the Yb3;Rh4Sn;3-
type structure, there are two nonequivalent crystallographic
Sn sites, denoted as Snl and Sn2. While the Snl atoms
occupy the axially symmetric 2a site (in Wyckoff notations),
the Sn2 atoms reside at the 24k site which is nonaxially
symmetric. According to their site occupation, one expects
to observe two ''°Sn NMR resonance lines with a lineshape
area ratio of 1:12 for Snl and Sn2, respectively. We, however,
only detected the dominant Sn2 resonance line, implying the
similar atomic environments for both sites in Sr;RhsSns.
Such an observation has also been reported in the isostructural
compound CazIrsSnys [15].

To gain more insight into the evolution of the resonance line
across the phase transition, we illustrate several representative
spectra taken below and above T*. The observed lineshapes
below and above T7* can be reproduced from simulations,
shown as dotted curves beneath the data points for 62 K and
above the data for 247 K, respectively. It is apparent that the
line width does not exhibit a dramatic broadening below T*,
signifying the absence of magnetic ordering across this phase
transition.

Figure 8 shows the temperature dependence of the ''”Sn
NMR Knight shift 9 of Sr;RhySn;;, determined 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
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FIG. 7. (Color online) Evolution of '”Sn NMR spectrum for
Sr3Rh;Sn;; measured at various temperatures. The dotted curves are
simulated results corresponding to 247 K and 62 K, respectively.

ratio '"yy /27 = 1.5867 MHz/kOe. As one can see, the
Knight shift changes progressively with a rapid decrease below
T*, consistent with the feature found in the bulk magnetic
susceptibility x given in the inset of Fig. 8. The Knight shift
here is a sum of three parts as '""K = Kop + K, + Kyq.
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 s-character electrons. The effect arising from
p electrons can be neglected, owing to the relatively weak
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FIG. 8. (Color online) Temperature-dependent '*Sn NMR Kni-
ght shift for Sr; RhySn;3. The arrow indicates the phase transition
temperature 7* = 137 K. The inset shows the magnetic susceptibility
x of Sr;RhySny3 in the vicinity of 7*.
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FIG. 9. (Color online) Temperature variation of the ''°Sn spin-
lattice relaxation rate for Sr;RhsSn;3. Two straight lines indicate the
linear behavior and the difference in the slope of 1/7;. (Inset) Plot of
I/T\T vs T with two horizontal lines demonstrating the reduction in
the magnitude of 1/7, T across the phase transition.

core polarization from p orbitals [34,35]. The third term K,
reflects the Rh 4delectronic behavior through the transferred
hyperfine interaction via conduction electrons. Therefore, the
drop of the NMR Knight shift offers microscopic evidence that
the reduction in y is partially related to the decrease in the Sn
5s and Rh 4d electronic states of Sr;RhsSn;3.

While associating the Knight shift with specific electronic
states is complicated by a mixture of hyperfine interactions
and orbital shifts, the spin-lattice relaxation time (77) is
comparatively simple as it is dominated by the conduction
electrons, providing a direct and quantitative probe of Fermi-
surface features for the paramagnetic cases [35-37]. The T
measurements were carried out using the saturation recovery
method. We found each 7; by centering the transmission
frequency at the resonance line and recorded the signal
strength by integrating the recovered spin echo signal. Each
experimental 7| was obtained by fitting to a single exponential
recovery curve.

The main panel of Fig. 9 illustrates the temperature
variation of the spin-lattice relaxation rate 1/7; for Sr3RhsSn;3
with a marked change at around 7*. It is found that 1/
T, obeys the Korringa relation (constant 777) below and
above T*, being consistent with the paramagnetic nature of
Sr3RhySny3. We thus provided the plot of 1/ T T as a function
of temperature in the inset of Fig. 9, which shows a clear
reduction in 1/7T at T* . From the magnitude of 1/7|T, we
could estimate the Sn 5s partial Fermi level DOS as

1 )
(n_r) = 2hkp [y, HyN(Ep)] )

where h and kp are the Planck constant and the Boltzmann
constant, respectively. y, is the Sn nuclear gyromagnetic ratio,
N, (EF) is the partial Sn 55 DOS at E in units of states/eV
—spin, and H;; represents the hyperfine field per spin of the Sn
s electrons. Taking Hj; ~ 1.28 x 107 Gauss in Sn metals [34],
each N;(EFr) can be extracted from the corresponding value
of 1/T,T. We thus deduced N,(Er) = 0.857 states/eV — f.u.
for T >T* and N,(Ep)=0.745 states/eV —fu. for
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T < T*, corresponding to a 13% reduction in N,(Ep)
across the phase transition. It is realistic that the Fermi-level
electronic states of Sr 5s, Sn 5p, and Rh 4d in Sr;RhsSn;3
are also lowered by a similar factor.

The decrease in the electronic DOSs revealed from NMR
further implies that a segment of the Fermi surfaces of
Sr3RhySny3 is gapped below T*. Because of the nonmagnetic
nature of the phase transition at 7%, the present Fermi-level
DOS reduction is reminiscent of the CDW formation arising
from a Fermi-surface nesting [38—42]. Such a CDW scenario
has been proposed for Sr3lrsSn;; on the basis of the band
structure calculation [5,9]. Accordingly, the calculated band
No. 329 in Sr3IrySn;; exhibits a flat curvature region which
is a strong candidate for the nesting of the Fermi surface.
The contribution of this band to the real part of the wave
vector dependent charge susceptibility x(q) shows a peak
at q =(1/2,1/2,1/2), implying a nesting instability with
the wave vector q = (1/2,1/2,1/2) in Sr3Ir4Snys [5,9]. Due
to the crystallographic similarity, we speculate a possible
modulation wave vector along the same direction of (1/2, 1/2,
1/2) in Sr3Rh4Sn;3. However, the unambiguous CDW state
in Sr;Rh4Sn;; will have to wait until the identification of
charge modulation along a specific wave vector direction by
means of a high resolution transmission electron microscopy
(HRTEM) [43-46].
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III. CONCLUDING REMARKS

Prominent features near T* = 137 K of Sr;Rh4Sn;3 have
been revealed in all measured physical quantities. Based on
the pronounced signatures in «, p, Ry, S, and k. at around
T*, we obtained a precise picture that the characteristics of
the phase transition are essentially related to the electronic
state reconstruction at the Fermi surfaces. Furthermore, the
NMR analyses provide a quantitative estimate that the Fermi-
surface DOS is reduced by approximately 13% across the
phase transition. The lack of significant NMR line broadening
below T* reinforces the conclusion that the phase transi-
tion is of no relevance to the magnetic ordering. Remark-
ably, the observed phase transition behavior in Sr3RhsSn;;
bears a striking resemblance to a CDW ordering in many
aspects.
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