aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Nodeless superconductivity and the peak effect in the
qguasiskutterudites Lu {3}0s {4}Ge {13} and
Y_{3}Ru_{4}Ge_{13}

Z. F. Weng, M. Smidman, G. M. Pang, O. Prakash, Y. Chen, Y. J. Zhang, S. Ramakrishnan,
and H. Q. Yuan
Phys. Rev. B 95, 184501 — Published 1 May 2017
DOI: 10.1103/PhysRevB.95.184501


http://dx.doi.org/10.1103/PhysRevB.95.184501

Nodeless superconductivity and the peak effect in the quasi-skutterudites Lu;Os;Ge;; and
Y3 RU4G61 3

Z.F. Weng,! M. Smidman," * G.M. Pang,' O. Prakash,” Y. Chen,! Y.J. Zhang,! S. Ramakrishnan,” and H. Q. Yuan"3 T

Center for Correlated Matter and Department of Physics, Zhejiang University, Hangzhou 310058, China
*Department of Condensed Matter Physics and Materials Science,
Tata Institute of Fundamental Research, Mumbai 400005, India
3Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China
(Dated: March 24, 2017)

We report an investigation of the superconducting states of Lu3OssGe;s and Y;RusGe;s single crystals by
measurements of the electrical resistivity, ac susceptibility and London penetration depth. The analysis of
the penetration depth and the derived superfluid density indicate the presence of nodeless superconductivity
and suggest that there are multiple superconducting gaps in both materials. Furthermore, ac susceptibility
measurements of both compounds display the peak effect in the low temperature region of the H — T phase
diagram. This anomalous increase of the critical current with field gives an indication of a change of the
arrangement of flux lines in the mixed state, as found in some of the isostructural stannide materials.

PACS numbers: 74.25.Ha, 74.25.Uv, 74.25.Bt

I. INTRODUCTION

Since the discovery of the ternary superconducting stan-
nides R3T4M3"2, numerous compounds with this stoichiome-
try have been synthesized, where R is an alkaline earth or rare
earth metal, 7 is a transition metal, and M is one of In, Si,
Ge, Sn or Pb. At room temperature, most of these materials
crystallize in the primitive cubic Yb3RhsSn3 type structure
with the space group Pm3n?. In this caged structure, R and
T atoms each occupy one crystallographic site, while there
are two sites for M, where the M atom on one site is sur-
rounded by a polyhedral cage formed from the M atoms on
the other site. There are a few examples of compositions with
different structures, such as tetragonal YbsPt,Ge 3>, mono-
clinic Y3PtsGe 3* and UsIrsGe s which has a noncentrosym-
metric rhombohedral structure’. The R3T4M)3 compounds
have attracted considerable interest since they display a wide
range of physical properties, such as superconductivity, 614
magnetism,>'>"'® mixed valence behavior,'*!°2! structural
phase transitions and quantum criticality.???3

Particular attention has been paid to the stannides
R3T4Sny3. Sr3Rh4Sn3 and Srs3IrsSn;; exhibit both a second-
order structural phase transition and superconductivity, where
the structural phase transition can be suppressed to lower tem-
peratures by applying pressure or doping?>?}. Non-Fermi
liquid behavior is observed when the structural phase tran-
sition temperature is tuned to zero, implying the existence
of a structural quantum critical point. Evidence for strongly
coupled nodeless superconductivity has been found in the
stannides R37T4Sn;3 (R=La, Sr, Ca and T=Rh, Ir) from vari-
ous measurements,®”>+26 where a strong enhancement of the
coupling is found in the vicinity of the structural quantum crit-
ical point in (Ca,Sr;_,);Rh4Sn;3 from the specific heat?’ and
in CazIrySn;3 from uSR?.

In comparison to the stannides, germanides with M=Ge
which show a lack of a structural transition have received less
attention. In many cases weak semiconducting behavior in
the resistivity is observed and those materials which are su-

perconductors have fairly low values of T..° The recent syn-
thesis of high quality single crystals of the germanide super-
conductors Lu30s;Ge;3'? and Y3Ru,Ge;3!! offers new oppor-
tunities to investigate the superconducting properties of the
R3T4Ge,3 series. Multiband superconductivity was suggested
in Lu3Os4Ge;3 on the basis of specific heat measurements,
which is consistent with the calculated complex Fermi surface
where the density of states predominantly consists of contri-
butions from Os and Ge.'” Meanwhile although Y3;Ru,Ge;s
is metallic, band structure calculations suggest a broad min-
imum in the density of states in the vicinity of the Fermi
level, which is mainly from Ge with little contribution from
Ru d-orbitals.?? However, further characterization of the su-
perconducting order parameter of both compounds is nec-
essary. Here, we present measurements of the resistivity
(), ac susceptibility (y) and change of the penetration depth
(AA(T)) of LuzOssGej3 and Y3RusGe)s single crystals down
to 0.4 K. The penetration depth of both materials flattens at
low temperatures, indicating fully gapped superconductivity
and the calculated superfluid density p,(7) is well described
by a two-gap s-wave model, indicating that Lu3;Os;Ge;3 and
Y;RusGej; are nodeless, multiband superconductors. Fur-
thermore, field dependent ac susceptibility measurements at
low temperatures show the presence of the peak effect in both
compounds, which may indicate a change in the arrangement
of vortices in the mixed state, as seen in some of the isostruc-
tural stannide materials.

II. EXPERIMENTAL DETAILS

Lu30Os4Gey3 and Y3;RusGe; single crystals were grown us-
ing the Czochralski method in a tetra-arc furnace under an
argon atmosphere, as described previously!®!'. The electri-
cal resistivity was measured in a *He cryostat utilizing a four
probe method. The ac susceptibility was measured in the
same *He cryostat using an ac susceptometer. Note that the
excitation current used was 100 uA, which corresponds to a
magnetic field of around 0.4 Oe. Precise measurements of
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FIG. 1. (Color online) Temperature dependence of (a) electrical re-
sistivity, and (b) ac susceptibility of Lu;Os,Ge;; and Y;Ru,Geys.

the penetration depth change AA(T') were performed using a
tunnel-diode oscillator (TDO) based, self-inductive technique
at an operating frequency of 7 MHz down to 0.4 K in a *He
cryostat, with which a noise level as low as 0.1 Hz can be
obtained. The London penetration depth change is propor-
tional to the change of the resonant frequency Af(T), i.e.,
ANT) = AT)—-A0) = GAf(T), where A(0) is the penetration
depth at zero temperature and the G is calculated using the
sample and coil geometries®. The coil of the oscillator gen-
erates a very small ac magnetic field (H,. = 20 mOe), which
is much less than the lower critical fields of LuzOs4Ge;3 and
Y;RuyGey3'%!! ensuring that all the measurements were per-
formed in the Meissner state.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to characterize the samples, the temperature depen-
dence of the electrical resistivity p(7) and ac magnetic suscep-
tibility y(7T') for LuzOs4Ge,3 and Y3;Ru4Ge |3 were measured,
as shown in Fig. 1. Superconducting transitions are observed
in the measurements for both compounds, with 7, = 3.2 K
and 3.05 K from midpoints of the transitions in the resistivity,
and ac susceptibility of LuzOssGe)3, respectively, while the
respective values for Y3RusGe;3 are 7, = 2.8 K and 2.3 K.
Since the susceptibility is a bulk probe, the values of T, from
the ac susceptibility are used in the later analysis of the super-

Full gap
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FIG. 2. (Color online) Temperature dependence of the change of
the London penetration depth AA(T) at low temperatures of (a)
Lu;0s4Ge;; and (b) Y;RuyGeys. The solid and dashed lines show
fits of AA(T) to a fully gapped model and a T2 dependence respec-
tively. The insets show AA(T') from the base temperature to above
T..

fluid density.

A. Penetration depth and superfluid density

In Figure 2 the temperature dependence of AA(T) is shown
for (a) Lu3Os4Ge;3 and (b) Y3Ru4Ge 3, which are converted
from the frequency shift Af(T) with respective calibration
constants of G = 6.1 A/Hz and G = 9.0 A/Hz. The in-
sets display AA(T) from above T, down to the base temper-
ature. In Lu3Os4Ge3 a sharp superconducting transition with
T. ~ 3.05 K is observed, which is the same value as obtained
from the ac magnetic susceptibility, while Y3;Ru4Ge;3 has a
superconducting transition with midpoint 7, =~ 2.4 K, slightly
higher than the ac susceptibility.

In the main panels of Figs. 2 (a) and (b), the solid and
dashed lines show the fits to a nodeless s-wave model and
a model with point nodes (~ T?), respectively. It is clear that
the point node model can not describe the data, nor is there a
linear temperature dependence as expected in the case of line
nodes in the gap. Instead the data flattens at low tempera-
tures which is not expected for nodal superconductivity, but
indicates a fully open superconducting gap. For isotropic s-
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FIG. 3. (Color online) Normalized superfluid density p,(7") along
with fits to various models for (a) Lu;Os,Ge,3, where (b) displays an
enlargement of the low temperature region, and (c) Y;Ru,Ge;3, with
(d) showing the low temperature behavior.
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FIG. 4. (Color online) (a) Temperature dependence of the ac suscep-
tibility of Lu3Os4Ge,3 in various applied magnetic fields, where (b)
shows an enlargement of the data for high applied fields. (c) Tem-
perature dependence of the ac susceptibility of Y;RusGe,3 in various
applied magnetic fields, where (d) shows the high field data.

wave superconductors at T << T., AUT) « A/ %[%,
where A(0) is the gap magnitude at zero temperature. As
shown in Fig 2 (a), the experimental data of LuzOssGe;3 is
well fitted in the low-temperature limit with an energy gap of
A(0) = 1.35kpT,. Fitting the data of YsRusGe,3 gives a gap
value of A(0) = 1.5kgT. as shown in Fig. 2 (b). These val-
ues are smaller than the BCS value of 1.76kpT. expected for
an isotropic, weakly-coupled BCS superconductor, consistent
with either gap anisotropy or multiband superconductivity.
To obtain more information about the gap structure of
Lu30s4Ge;3 and Y3RusGeys, the normalized superfluid den-
sity ps(T) was calculated from the London penetration depth

using py(T) = [A0)/A(T)]%, where A(0) = 4736A!° and
4951A" are calculated from the critical fields of Lu3Os4Ge3
and Y3;RusGejs respectively.  The respective ps(T) of
Lu3Os4Ge3 and Y3RusGe)s are shown in Figs 3 (a) and (c).
The normalized superfluid density is calculated using

EdE %>

ps<T>=1+2<f —
A [Ez_AlzaE

where f is the Fermi function and (. . .)rg denotes the average
over the Fermi surface. The superconducting gap Ax(T, 6, ¢) =
81(0, o)A(T) has an angular dependence g, (6, ¢) and a temper-
ature dependence given by?!

1)

FS

A(T) = A(O)tanh {1.82 [1.018 (T./T - D]**'}.  (2)

The flat behavior of the data at low temperatures for both ma-
terials clearly deviates from the behavior of nodal gap func-
tions, i.e., a d-wave model (line nodes) gi(6, ¢) = |cos(2p)|
and a p-wave model (point nodes) gx(6, ¢) = |sin(6)|. The data
were also fitted using a single band s-wave model, where the
fitted energy gaps are A(0) = 2.13kgT, and A(0) = 2.05kpT,
for LusOs4Geys and Y3RusGeys respectively, both larger than
the isotropic BCS value of 1.76kgT.. It can be seen in
Figs 3 (a) and (c) that this can describe the data at higher
temperatures. However, as shown in the low temperature en-
largements in Figs 3 (b) and (d), at low temperatures the data
drops more rapidly than expected for the single band mod-
els. In particular, for LuzOssGe;s there is a significant devi-
ation below T/T. ~ 0.6, while the difference in the case of
Y;RuyGey3 is smaller, below T/T,. ~ 0.5. Such a low tem-
perature deviation from the fitted single gap model would be
expected, since considerably smaller gap values are obtained
from fitting the low temperature AA(T"). These results suggest
the presence of multiple energy scales and multiband super-
conductivity, which is also consistent with the complex Fermi
surface revealed by band structure calculations.'” Therefore
the data were fitted using a two gap model where the super-
fluid density is given by p(T) = xp1(T)+ (1 —x)p2(T), where
pi(T) is the superfluid density corresponding to a gap A; and x
is the weight of the contribution from A;.

The data for both materials are well described by such a
two gap model, with fitted parameters of A;(0) = 1.25kpT,,

Ar(0) = 2.5kgT. and x = 0.22 for Lu3;OssGe;3, and
A(0) = 1.4kgT., Ay(0) = 2.15kgT. and x = 0.15 for
Y3;RusGej3. In both cases the values of the smaller gap

are close to those obtained from the low-temperature fit
of the penetration depth shown in Fig. 2, as often found
for two-band superconductors®’>.  Therefore the penetra-
tion depth measurements and the derived superfluid density
ps(T) are all consistent with multiband superconductivity in
Lu3zOs4Gey3 and Y3RuysGes, as also suggested from spe-
cific heat measurements'®!!. It should be noted that the su-
perfluid density of both compounds can also be fitted with
an anisotropic s-wave model and it is often difficult to dis-

tinguish between this scenario and two-gap superconductiv-
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FIG. 5. (Color online) (a) Isothermal ac susceptibility of Lu;Os,Ge3
at different temperatures. The inset shows the magnified view of the
hysteresis between up and down sweeps of the magnetic field at 7' =
0.27 K. (b) Isothermal ac susceptibility of Y;RusGe,; at different
temperatures. The inset shows the magnified view of the hysteresis
between up and down sweeps of the magnetic field at 7 = 0.28 K.

ity from thermodynamic measurements.*> However the three-
dimensional cubic crystal structure and the presence of mul-
tiple bands crossing the Fermi level, favors the two-gap sce-
nario.

B. H — T phase diagram and the peak effect

In order to determine the field-temperature phase diagram
and probe the properties in the mixed state of Lu3Os4Ge;3 and
Y3RusGe,3, isofield and isothermal ac susceptibility measure-
ments were performed. Figure 4 (a) displays the temperature
dependence of the ac susceptibility of Lu3Os4Ge;3 in various
applied magnetic fields, where the sample was cooled in zero
field before data were collected upon warming to above 7. In
zero field, a sharp superconducting transition is observed but
upon increasing the field in the mixed state, the transition be-
comes broader and the shielding fraction is reduced. However,
as shown in Fig. 4 (b), when a field of 3.8 T is applied, the ac
susceptibility is reduced at the lowest temperatures compared
to 3.6 T, indicating an increase of the superconducting shield-
ing fraction, although 7, continues to decrease. The shield-
ing fraction continues to increase with increasing field until

T (K) H(T)

FIG. 6. (Color online) Resistivity measurements of Lu;Os;Ge;3. The
resistivity as a function of temperature is shown (a) for various ap-
plied fields for a current of / = 3 mA, and (b) for various currents
when 3 T is applied. The field dependence of the resistivity is dis-
played (c) at various temperatures with / = 3 mA, and (d) for various
currents at 1.1 K.

4.15 T, above which the shielding is again reduced and at 5 T
no superconducting transition is observed in the ac suscepti-
bility. Similar behavior is also found in Y3RusGe,3 (Figs. 4(c)
and (d)), where the shielding fraction again begins to increase
above 1.15 T, before again decreasing between 1.8 and 2.5 T.

The field dependence of the ac susceptibility is also dis-
played for Lu3OssGe;s in Fig. 5 (a) and Ys;RusGej; in
Fig. 5 (b). The sample was first cooled to a given temper-
ature and the data were then collected upon increasing and
decreasing the field and for clarity, the main panels only show
the down sweeping curves. For Lu3OssGe3 at 0.27 K, x(H)
increases with increasing field at low fields, reaching a peak
at around 3.5 T before decreasing to a minimum at 4.25 T.
This minimum lies below the upper critical field H,,, above
which y(H) flattens. As displayed in the inset, the curves mea-
sured with increasing and decreasing field split in the region
where y(H) has a negative slope, whereas y(H) is reversible
at lower fields. With increasing temperature, the magnitude
of the decrease above the peak reduces and at around 1.5 K,
the anomaly is barely resolvable. The size of the hysteresis
in the vicinity of the anomaly also decreases with increasing
temperature. A similar anomaly is also seen in Y3;RusGes,
where the local minima is present at around 2.8 T at 0.28 K.
Compared to Lu3Os4Ge;3, the magnitude of the dip above the
peak is more shallow and as displayed in the inset, the hys-
teresis is also reduced. The ac susceptibility measurements
indicate the presence of the peak effect in both compounds,
where in a certain field range near H,,, there is an increase
of the critical current J, with increasing field instead of a de-
crease, which also accounts for the greater hysteresis between
the up-sweeping and down-sweeping measurements.

Figure 6 (a) shows the temperature dependence of the re-
sistivity of LuzOs4Ge;s under various magnetic fields with a
current of / = 3 mA. In applied magnetic fields of 1 T and
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FIG. 7. (Color online) Resistivity measurements of Y;Ru,Ge3, (a)
as a function of field at various temperatures with a current of / =
3 mA and (b) as a function of field at 1.1 K with various currents.

2 T, after a sharp drop at the transition, there is a broad tail
at lower temperatures where the resistivity is non-zero. At
larger magnetic fields in the range of 2.5 - 3.5 T, a peak in the
resistivity appears below 7.. When 3.5 T is applied it can be
clearly seen that upon cooling through the transition, zero re-
sistivity is reached but when the sample is cooled further the
resistivity becomes finite, indicating the presence of dissipa-
tive processes in the superconducting state, which disappear
close to H., at high fields. At4 T only a very weak downturn
is observed despite the clear transition in the ac susceptibility
for these fields, but this could also arise due to self heating as a
result of the fairly large current. The temperature dependence
of the resistivity is shown for different currents in an applied
field of 3 T in Fig. 6 (b). For larger currents, the transition is
seen at lower temperatures, which is again likely due to self
heating. At I mA, a significant finite resistivity is not observed
below the transition, but at higher currents a peak is observed
with the maximum resistivity increasing with increasing cur-
rent. This suggests that the finite resistivity arises in the su-
perconducting state due to the current inducing a sufficiently
large Lorentz force to cause movement of vortices and there-
fore leading to dissipation. The unpinning of vortices within
the superconducting state was also inferred from magnetiza-
tion measurements at low fields.'” The field dependence of the
resistivity is shown for / = 3 mA at various temperatures in
Fig. 6 (c). Upon increasing the field at 0.52 K, the resistivity
remains zero up to around 2.8 T, before it begins to increase,
reaching a maximum at about 3.6 T. At higher fields the re-
sistivity decreases, reaching zero again at around 3.9 T and
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FIG. 8. (Color online) Field-temperature phase diagram of (a)
Lu3;0s4Geys, and (b) Y3;RusGeys. The black squares display the val-
ues of the upper critical field H,, obtained from the temperature de-
pendence of the ac susceptibility, while the red circles and blue trian-
gles display the positions of the minima (Hy,) and maxima (Hpea)
in the field dependence of the ac susceptibility.

it remains zero until a sharp jump to the normal state at about
4 T. At higher temperatures, the peak moves to lower field and
is clearly seen up to at least 1.58 K. At higher temperatures
still, a finite resistivity is still found in the superconducting
state, but without a clear peak. For different currents at a fixed
temperature [Fig. 6 (d)], the peak moves to lower field with
increasing current until it can not be clearly resolved.

In contrast, for Y3RusGe;3 a finite resistivity is not ob-
served at low fields and as displayed in Fig. 7, for all mea-
sured currents and temperatures the resistivity only becomes
non-zero just below the transition to the normal state at H,,.
Therefore in the low field region, the Lorentz force is not suffi-
ciently strong to unpin vortices and lead to significant current
dissipation, but just below H,, the pinning is weak enough for
vortices to move.

The field-temperature phase diagrams for both materials
are displayed Fig. 8, where H,, is determined from the on-
set of the transition in the ac susceptibility, while Hp;, and
Hpeax correspond to the minima and maxima of the field de-
pendent ac susceptibility, respectively. Extrapolating to zero
temperature gives respective values of H.(0) of 4.8 T and
3.4 T for Lu3OssGe 3z and Y3RuyGey3. In addition, H,(T)
of both compounds shows an upturn with decreasing temper-



ature near T.. This behavior has often been observed in multi-
band superconductors,*? and is therefore further evidence for
two-gap superconductivity. The observation of the peak ef-
fect indicates that at low temperatures, there is a region of the
phase diagram where J. increases with increasing field, in-
dicating a change from a more weakly pinned region at low
fields to stronger pinning at high fields. In Lu3OssGe;3 the
pinning at low fields is sufficiently weak that the resistivity
becomes non-zero in the mixed state, but the stronger pinning
at high fields leads to the peak features observed in Figure 6,
whereas in Y3;Ru4Ge; the flux lines remain static in the re-
gion with weaker pinning at low fields. The stronger pinning
in YzRusGe;3 compared to LuzOs,Ge;3 is consistent with a
larger normal state resistivity, indicating greater disorder. The
occurrence of the peak effect has been explained as arising
due to the rigidity of the flux line lattice disappearing with
field more rapidly than the pinning force.’® Peak effect be-
havior has been observed in various superconductors such as
CeRuy>*3%, 2H-NbSe,3%37 and V;Si®®. It is also a common
phenomenon in R374Sn;3 materials, having been observed
in Yb3Rh4Sn ;3340 CazRhsSn;3*! and CasIrsSn;s,*? and this
may correspond to a change from a well ordered vortex lattice,
to a disordered or partially ordered vortex glass phase.*>™6

IV. SUMMARY

In summary, we have performed measurements of the Lon-
don penetration depth AA(T) of LuzOs4Ge3 and Y3RusGe)3

single crystals using a TDO-based technique down to 0.4 K.
In both materials the behavior of AA(T') at low temperatures
clearly indicates nodeless superconductivity, while the anal-
ysis of AA(T) and the superfluid density p,(T) give evidence
for the presence of multiple gaps. We also mapped the field-
temperature phase diagram and at low temperatures we find
the peak effect in the ac susceptibility, which corresponds to
an increase of J, with field, as also reported in some of the
isostructural stannides. Further work is required to understand
the arrangement of vortices in the mixed state of these mate-
rials, and whether this behavior leads to the disordering of the
vortex lattice at high fields, which require further measure-
ments such as small angle neutron scattering.
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