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Abstract
Systematical doping studies have been carried out to search for the possible superconductivity in the
transitionmetal doped Zr5Ge3 system. Superconductivity up to 5.7 K is discovered in the Ru doped
Zr5Ge2.5Ru0.5 sample. Interestingly, with the sameRudoping, superconductivity is only inducedwith
doping at theGe site, but remains absent down to 1.8 Kwith doping at the Zr site or interstitial site.
Bothmagnetic and transport studies have revealed the bulk superconductivity nature for Ru doped
Zr5Ge2.5Ru0.5 sample. The high upper criticalfield, enhanced electron correlation, and extremely
small electron–phonon coupling, have indicated possible unconventional superconductivity in this
system,whichwarrants further detailed theoretical and experimental studies.

1. Introduction

Searching for new superconductingmaterials with distinct crystal structures has been amajor goal for
experimental physicists, and has been proven to be fruitful in achieving superconductivity with higher transition
temperaturesTc as seen in cuprate cuprate [1] and iron pnictide [2], or novel physics such as heavy fermions [3]
and quasi one dimensional [4, 5] superconductors.More superconductors discovered, particularly in a family
where large number of compounds exist, will help us to expand thematerial base of superconductors, to design
new superconductors through comparing the common features in different superconducting families, and to
understandmore deeply the highTc superconductivitymechanism aswell. The hexagonalMn5Si3-type
structure, with a large amount of compounds crystallizing in this structure and similar structural derivatives, will
be an idealmodel system for such searching attempts. In addition, various charge doping possibilities, in both
cation/anion sites and interstitial sites in this type of structure havemade it to be a rich playground for a variety
of physical phenomena such as superconductivity, ferro/antiferromagnetism [6–8]. Among these, Zr5Sb3 [9], is
represented as thefirst superconductor discovered in this large family. Chemical dopingwith Ru in the Sb site in
Zr5Sb3, has caused the structural transformation fromhexagonalMn5Si3-type(space group P63/mcm) to the
tetragonalW5Si3-type(space group I4/mcm) and consequently increased the superconducting transition
temperature (Tc) from2.3 to 5 K [10].Moreover, several newA2Cr3As3 (A=K,Rb, Cs) [11–13]
superconductors with the highest transition temperature,∼6.1 K, were reported. These new superconductors
crystalized in a similar structure, butwithout effective bonding between eachCr6As6 chain, thusmaking them
quasi one dimensional superconductors having a very high upper critical field [11]. The temperature
dependence of the change in the penetration depth lD (T) indicates that there are line nodes in the
superconducting gap, implying a possible odd pairing state of these superconductors [14, 15]. All of these
discoveries bring us the confidence thatmore superconductors will be discovered in this largeMn5Si3-type
compound family.

We have chosen Zr5Ge3 [16] as our parent compound to start with for inducing superconductivity. Figure 1
represents the crystal structure of Zr5Ge3. It features capped trigonal antiprismatic Zr6Ge6 chains along the c-
axis, which are subsequently interconnected by another linear chain of Zr. Unlike A2Cr3As3where there is no
effective bonding betweenCr6As6 chains, in the Zr5Ge3, the distance of Zr–Ge between the Zr6Ge6 chains andZr
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linear chain is Å2.83 suggestingweak but effective bonding betweenZr6Ge6 andZr linear chain and a three
dimensional nature for Zr5Ge3. Considering the crystal structure described above, there are threeways to change
the electronic state at the Fermi surface of Zr5Ge3 through chemical doping. Firstly, directly dope a transition
metal at the Zr site. Since Zr is also a transitionmetal, it should be compatible to do this replacement. Secondly,
we can dope transitionmetals to theGe site as Zr can form the same intermetallic structure with other transition
metal like Zr5Ir3 andZr5Pt3 [6]. Previous efforts have shown a successful example along this directionwith a
significantTc enhancement in the Ru dopedZr5Sb3–xRux andHf5Sb3–xRux [17] system. The last way is to take
advantage of the octahedral interstitial sites formed by the Zr6Ge6 trigonal antiprism chains. These unoccupied
interstitial 2b sites at the corner of the unit cell, as highlighted in thefigure 1(b), can host not only small atoms
such as B, C, andO, but also bigger transitionmetal anions such as Bi, Zn, Ru, and Sb [18], which further
increase thewide electronic tunability in thismaterial. In this paperwe present our results of doping transition
metal Ru (which is in themiddle of Zr andGe element fromperiod table) at three different sites (Zr, Ge, and
interstitial site).Wefind that superconductivity can only be induced at theGe site doping, but remains absent
down to 1.8 K at the Zr site or interstitial site dopingwith the sameRu-doping level.

2. Experimentalmethods and characterization

The polycrystalline samples were prepared through an arc-melting technique on awater-cooled copper hearth
in a home-made arc furnace under argon-atmosphere, with Zr as a getter. Four different samples, which include
the parent compoundZr5Ge3, the Ru doped samples Zr4.5Ru0.5Ge3, Zr5Ge2.5Ru0.5, and the interstitial sitefilled
sample Zr5Ge3Ru0.5, respectively, were synthesized under the same condition. The startingmaterials are Zr
pieces (99.8%, StremChemicals), Ge pieces (99.99%, Alfa Aesar) andRupowder (99.9%, Alfa Aesar). These
materials wereweighed in a glove box filledwith argon. During the arcmelting process, themelted samples were
flipped and remelted several times to ensure the homogeneity of the samples. To avoid the formation of other
binary or ternary compounds, the current was rapidly decreased to zero at the end of process. The total weight
loss of the samplewas less than 1%before and after the reaction. The x-ray diffractionmeasurements were
performed on the Rigaku Smartlab, and the Rietveld refinement of the XRDpatterns were done through the
JANA2006 package. The dcmagnetic susceptibilityχ(T,H)were carried out using theMPMS (Quantum
Design) down to 2 K and up to 7 T. Resistivity as a function of temperature and field ρ(T,H), wasmeasuredwith
a PPMS-9T (QuantumDesign) down to 1.8 K using a standard four-probe technique. The specific heatwas
measured down to 1.8 K and up to 9 T based on theDynaCool (QuantumDesign).

3. Results and discussion

The x-ray diffraction patterns and related Reitveld refinements of the four samples are presented infigure 2, that
shows the synthesizedmaterials adopt the hexagonalMn5Si3-type structure. The high intensity/sharp peaks of
XRDpatterns, and the good refinement values ofRp andRwp indicate the high sample quality of thematerials.
The refined lattice parameters andR-factors are listed in table 1.

Figure 1.Crystal structure of Zr5Ge3. (left) Side view of Zr6Ge6 andZr linear chain, (right) projection of Zr5Ge3 structure. The dotted
lines indicate the trigonal antiprism coordination of the Zr6Ge6 chainwhere an octahedral site forms; small square at the conner of the
unit cell show the interstitial 2b site. Two crystallographically different Zr atoms are highlighted aswell.
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Small impurities of ZrGe2 (less than 5%) are observed in the parent Zr5Ge3 samples (marked in blue stars in
figure 2(a)). These impurities are suppressedwith Ru doping, but a new impurity phase of ZrRuGe arises in all of
the Zr4.5Ru0.5Ge3, Zr5Ge2.5Ru0.5, and Zr5Ge3Ru0.5 samples. The ZrRuGe impurity is largest in the non-
superconducting Zr4.5Ru0.5Ge3 (figure 2(b)), but is less than 5% in both Zr5Ge2.5Ru0.5 (figure 2(c)) and
Zr5Ge3Ru0.5 (figure 2(d)) samples. As one can see from table 1, the lattice parameters are increased significantly
for Ru doping at the Zr site and octahedral interstitial site as expected, and are decreased slightly when doped at
theGe site, which indicate the successful doping of Ru atoms into the system. SEM-EDX studies have been
carried out on these samples and found out the Ru distribution is rather homogenous throughout the samples.
The composition is consistent with our nominal 5:3 composition as (Zr+Ru):Ge for Zr4.5Ru0.5Ge3 sample and
Zr:(Ru+Ge) for Zr5Ge2.5Ru0.5 sample.

Figure 3 displays the temperature dependence resistivity data of the four samples from1.8–300 K. In order to
make a comparison, we normalized the resistivity data to 300 K. The resistivity of all the four samples decreases
with decreasing temperature as expected for a poormetal. For the impurity phase of ZrGe2,the bulk ZrGe2 is not
superconducting, but the sputtered thinfilmwas reported sporadically to be superconducting below 5 K [19].
We did not observe the superconducting transition nor resistivity drops in the parent compound, which
indicates the ZrGe2 impurity in our Zr5Ge3 sample is not superconducting, and our Zr5Ge3 sample quality is
high enough to have ameaningful comparisonwith doped samples.With the additional Ru doping, the impurity
scattering increases which causes the decrease of residual resistance ratio value for the Zr4.5Ru0.5Ge3,
Zr5Ge2.5Ru0.5, and Zr5Ge3Ru0.5 samples. Both Zr5Ge2.5Ru0.5 andZr5Ge3Ru0.5 samples show a almost linear
relationship of resistivity with temperature, between 50 and 250 K (dotted lines in thefigure 3), which is different
from the parent compoundZr5Ge3, implying the possible enhancement of electron correlation upon doping
where superconductivitymay arise. Indeed, in the Zr5Ge2.5Ru0.5 sample, a sudden resistivity drop blow 5.7 K to
zero resistance is observed, which is a characteristic of superconducting transition. Superconductivity on the
other hand, is absent in the Zr4.5Ru0.5Ge3 andZr5Ge3Ru0.5 samples. Since all the Ru doped samples do have the
same impurity phase, and no superconductivity signal is detected in the Zr4.5Ru0.5Ge3which contains the

Figure 2.Rietveld refinement of the x-ray diffraction patterns for four samples: (a)Zr5Ge3, (b)Zr4.5Ru0.5Ge3, (c)Zr5Ge2.5Ru0.5, and
(d)Zr5Ge3Ru0.5. Small impurity peaks aremarked by blue stars (as ZrGe2) for Zr5Ge3 sample and red stars (as ZrRuGe) for Ru doped
Zr5Ge3 samples, respectively.

Table 1.Rietveld refinement data of the four samples, smallRp andRwp

values indicate high sample quality.

Compound a(Å) c(Å) Rp Rwp

Zr5Ge3 8.0485(9) 5.6127(6) 3.71% 5.87%

Zr4.5Ru0.5Ge3 8.0832(6) 5.6511(5) 4.88% 8.20%

Zr5Ge2.5Ru0.5 8.0445(5) 5.6105(4) 3.49% 6.28%

Zr5Ge3Ru0.5 8.0556(7) 5.6234(5) 5.12% 9.75%
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highest amount of impurity phase (as seen infigure 2(b)), we exclude the possibility that superconductivity is
caused by ZrRuGe in the Zr5Ge2.5Ru0.5 system. Please also be noted that the impurity phase of ZrRuGewas
reported to be nonsuperconducting at ambient pressure, but does become a superconductor at about 10 K [20]
once synthesized under high pressure. It is worthwhile tomention that under the current situation, we could not
completely exclude the possibility of interatomicmutual occupancy byRu at both Zr andGe sites, or even
interstitial sites in our doped samples. Since all of the three doped samples were synthesized under the same
condition, the interatomicmutual occupancywould take place in all the samples, if exist. Sincewe only observed
superconductivity in theGe-site doped sample, it is fair to say that the possiblemutual occupancy does not play a
significant role, and theGe-site doping apparently is critical to induce the superconductivity in this system.

The superconductivity in Zr5Ge2.5Ru0.5 is further evidenced by themagnetic susceptibilityχ(T), electrical
resistivity ρ(T,H), and the specific heatCp(T)measurements. Figure 4 displays theχ(T)measured at 10Oe, both
in the zero-field-cooled (ZFC) andfield-cooledmodes. A clear diamagnetic shift is observed below 5.7K
(figure 4(a)). The shielding volume fraction derived from the ZFC curve is about 1.5 before the correction of
demagnetization effect at 10 Oe, indicating bulk superconductivity of the sample. As themagnetic field
increases, we do not observe a dramatic change of transition temperature at lowfields. TheM-H loop at 2 K
shows the clear type-II superconductor characteristics (figure 4(b)), and the lower critical fieldHc1 is less than
100Oe.

Figure 3.The normalized temperature dependent resistivity data for four different sampleswith a clear superconducting transition at
5.7 K observed in the Zr5Ge2.5Ru0.5 sample. Twodotted straight lines were used as the guidance to compare normal state temperature
dependence resistivity changes upon doping for parent Zr5Ge3 and doped Zr5Ge2.5Ru0.5 samples.

Figure 4. (a)Temperature dependence of theDCmagnetizationmeasured in the ZFCmode and the FCmode at 10Oe. (b)TheMH
Loopmeasuredwith afield sweeping rate of 50Oe s–1 at 2 K, which shows a type-II superconductor behavior.
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Theupper criticalfield of this newly discovered superconductor is noticeablymuchhigher than thefirst known
Zr-based superconductorwith the sameMn5Si3-type found inZr5Sb3.However it is lower than the Hc2 of
A2Cr3As3 (A=K,Rb,Cs) superconductorswhich aremore quasi-one dimensional.We furthermeasured the
magnetoresistance ρ(T,H) to determine theprecise upper criticalfield. Themagneto resistivity data is shown in
figure 5.One can see thatwith the highest applied 7 Tmagneticfield, a resistivity jumpabove 2 K is still visible.
Taking the 10%resistivity drop as criteria, we can extrapolate the Hc2 value to zero temperature using the
Werthamer–Helfand–Hohenberge (WHH) theory. The calculatedupper criticalfield is 8.2 T through theWHH
fitting, shownas the insert offigure 5,which is comparablewith thePauli limit about 10 T corresponding to 1.84Tc.
One possible reason for such ahigh upper criticalfield couldbe that theRudoping to theGe site hasweakened the
bondbetweenZr2 atoms andZr6Ge6 chains, thusmaking the structuremore anisotropic/one dimensional.

Thebulk superconductivity inZr5Ge2.5Ru0.5 canbe further demonstratedby thepronounced specificheat
anomaly infigure 6.Through subtracting thenormal state specificdata,we candetermine the electronic
contributions in the superconducting state. A superconducting specificheat anomaly appears at 5.4Kwith the
specificheat jumpof aboutDC Tc =8 - -mJ mol K1 2 at zeromagneticfield. FromtheDebyefitting of normal
specificheat data at 9 Tusing g b= +C T Tn

3, we can get gn =14.96 - -mJ mol K1 2, andβ=0.44 - -mJ mol K1 4,
which corresponds to the electronic Sommerfeld coefficient andDebye temperature respectively.TheDebye
temperature canbededuced from theβ value through the relationshipQD = p b( )k N Z12 5B A

4 1 3, where
NA=6.02×1023mol−1 is theAvogadro constant, andZ is thenumber of atoms in themolecule.Theobtained
Debye temperature is about 314 K. From gn andDC Tc weget the gDC Tn c about 0.53,which ismuch smaller than

Figure 5.Temperature dependence of resistivity at differentmagnetic fields: 0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 T. The insert
shows theWHHfitting of the temperature dependence of the critical fieldwithHc2(T) ( r90% n), where the straight line shows the Pauli
limitation.

Figure 6. Field dependence of the heat capacity data, the insert shows the electronic specific data.
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theBCSvalue 1.43.Although the small value of gDC Tn c might beunderestimated as the existence of an impurity
phase in thematerial, ourXRDpattern and large shielding fraction frommagneticmeasurements indicate such effect
shouldbe small. The small valueof gDC Tn c reveals that theZr5Ge2.5Ru0.5 is a superconductorwith a ratherweak
electron–phononcoupling. It is noteworthy that such a small value of gDC Tn c has also beenobserved in some iron
based superconductors such as FeS [21] andKFe2As2 [22], whichhave similar superconducting transition
temperatures and also for thep-wave superconductor Sr2RuO4 [23].

In order to investigate why the superconductivity happens, we alsomeasured the specific heat of Zr5Ge3. The
specific heat data of Zr5Ge3 is shown together with the normal state specific heat of Zr5Ge2.5Ru0.5 in figure 7. A
broad hump around 4 K of Zr5Ge3 specific heat datamay be caused by the Schottky anomaly. One can clearly see
the enhancement of the Sommerfeld coefficient in the Zr5Ge2.5Ru0.5 sample. A reasonablefitting of Zr5Ge3
specific heat data gives us gn = 12.85 - -mJ mol K1 2,β= 0.31 - -mJ mol K1 4, respectively. TheDebye
temperature calculated fromβ is about 353 K. Apparently the Sommerfeld coefficient increases but theDebye
temperature decreases upon the Ru-doping into the Zr5Ge3 system. The decreasedDebye temperature indicates
the decreasing of the electron–phonon couplingwhich is consistent with the small gDC Tn c valuewe obtained
from specific heat analysis. On the other hand, as the Sommerfeld coefficient is proportional to the density of
state (DOS) at the Fermi level, the 15% enhancement of gn uponRu doping implies the enhancement of the
DOS, whichmay be responsible for the observed superconductivity in Zr5Ge2.5Ru0.5 sample.

Since the Ru-doping at either Zr site or interstitial site (nonsuperconducting sample) is electron doping, and
Ru-doping at theGe site (superconducting sample) bringsmore holes to the system, one could imagine that the
Fermi level of Zr5Ge3 is located on a negative slope in theDOS.Hole doping causes the shift of the Fermi level to
theDOSpeak, which is consistent with the observed increasingDOS from specific heat analysis. However, the
weak electron–phonon couplingmight hinder the further increase of theTc following the BCS picture. One can
take the othermethods, such as doping to the Zr site with rare earthmetals, to test whether the superconductivity
can be induced through other hole-doping approaches. In that way, wewill be able tofind out how critical the Ru
element is for the induced superconductivity in these system as suggested by others [17]. Alternatively, as one
can see from table 1, only Ru doping at a Ge site can cause a slight shrink of the lattice parameter, chemical
pressuremay also plays a role here for the induced superconductivity. Therefore, it will beworthwhile to
investigate external pressure effects on both the superconducting and nonsuperconducting samples, to see
whether theTc of the superconducting sample can be further enhanced, andwhether the superconductivity
could be induced in the nonsuperconducting samples under high pressure or not.

In summary, we have synthesized Zr5Ge3 and doped it with Ru at different sites. Interestingly,
superconductivity can only be introduced throughRudoping to theGe site withTc up to 5.7 K.Magnetization,
electrical resistivity, and specific heatmeasurements have confirmed the bulk superconductivity in the sample.
The enhancement of theDOS at the Fermi level through hole doping of Rumay be responsible for the induced
superconductivity. The nearly linear correlation of resistivity with the temperature at high temperature, the high
upper criticalfield, andweak electron–phonon coupling, all indicate possible unconventional superconductivity
occurred in the Zr5Ge2.5Ru0.5 samples whichwarrants further theoretical and experimental investigation of this
system.

Figure 7.The specific heat data of Zr5Ge3 at zerofield, and the normal state specific data of Zr5Ge2.5Ru0.5 at 9 T.
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